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RP-108 
COMPRESSIVE STRENGTH OF CLAY BRICK WALLS 


By A. H. Stang, D. E. Parsons, and J. W. McBurney 


ABSTRACT 


Compressive tests of 168 walls of common brick, each 6 feet long and about 
9 feet high and of 129 wallettes, about 18 inches long and 34 inches high, were 
made. Four kinds of brick, 3 mortar mixtures, 2 grades of workmanship, 
diferent curing conditions, and 10 different types of masonry (3 solid and 7 
hollow) were the variables. 

Wall strengths were more closely related to the shearing strength of the single 
brick than to any other strength property of the brick. On the average, the com- 
pressive strength of the wallettes was by far a better measure of the strength of 
the walls than any of the brick strength values. The use of cement mortar gave 
higher wall strengths than of cement-lime mortar and much higher than if lime 
mortar was used. For the solid walls the strength varied about as the cube root 
of the compressive strength of the mortar cylinders, 2-inch diameter and 4-inch 
length, cured on the walls. Large differences in strength due to differences in 
workmanship were found. The walls having smoothed-off spread-mortar beds 
and filled joints were much stronger than walls in which the horizontal mortar 
beds were furrowed by the mason’s trowel: Some of this difference in strength 
might be ascribed to difference in the filling of the vertical joints. Some of the 
walls laid in cement mortar were kept damp for seven days after construction. 
These walls were not stronger than similar walls cured under ordinary conditions 
in the laboratory. 

he solid walls were stronger than the hollow types. With bricks of rectangu- 
lar cross section the hollow wall strengths varied about as the net areas in com- 
pression. When the bricks were not truly rectangular in section, the strength 
of the hollow walls was found to be less than that expected from the net area. 
Construction data are given which show the relative saving in materials and time 
for the hollow types. The results of the wallette tests confirm, in general, the 
conclusions deduced from the wall tests. 
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INTRODUCTION 


At a conference held at the Bureau of Standards in 1921, attended 
by representatives of the clay, sand-lime, and cement brick industries, 
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it was agreed that the bureau should make tests which would afford 
a comparison of the strength of masonry built of these three kinds of 


brick. 

Tests of walls built of sand-lime brick have been made and the 
results reported in Technologic Paper No. 276. The present paper 
reports and discusses the results of the tests on clay brick masonry. 
in this report walls numbered 1 to 17 are of such construction as to 
permit comparison with those built of sand-lime brick, but it should 
be noted that the sand-lime brick used were of slightly higher com- 
pressive strength than those used in the construction of walls 1 to 
17, inclusive. The effect of brick strength on wall strength is dis- 
cussed herein. The tests on masonry of cement brick have not yet 
(1929) been made. 

The scope of this investigation has been extended much beyond 
the original plan, for it seemed desirable to discover, if possible, some 
of the factors which influence or measure masonry strength. It is 
believed that much pertinent information, not heretofore known and 
analyzed, has been disclosed and that this information may be useful 
to engineers and architects and to the construction industry generally. 

The present construction trend is toward a more economical use of 
material, but it is obvious that a handicap is imposed upon any 
structural material if the “factor of uncertainty” is large. Brick 
masonry has been under such a handicap in the past, for few tests 
have been made on specimens which fairly represent brick walls as 
used in construction. Tests of brick masonry made heretofore have 
been principally of piers and small wall sections, and results have not 
been conclusive for two reasons: (1) Uncertainty has existed as to 
the relationship between the stress producing failure in these small 
specimens and that in brick walls as used in structures; (2) previous’ 
reports have given but little data on the effect of the various physical 
properties of individual bricks, and especially on the effect of work- 
manship on wall strength. 

Realizing these conditions, the Bureau of Standards, cooperating 
with the Common Brick Manufacturers’ Association of America, 
undertook the investigation reported herein. 


II. SCOPE AND PURPOSE OF THE TESTS 


This investigation deals with the compressive tests under central 
loading of 168 brick walls each 6 feet Jong and about 9 feet high and 
of 129 wallettes or small walls each about 18 inches long and 34 inches 
high. A view of several of the walls in the laboratory is shown in 
igure 1, Four kinds of common brick, three mortar mixtures, and 
ten types of wall construction were included. Table 1 gives the 
} wall numbers for the different variables. 
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The walls are divided into two series based on the grade of work- 
manship. A contract for building the walls of series 1 was let on a 
jump-sum basis to a brick mason who specialized in small contracts 
and who laid the bricks for all walls in the series. The walls of series 2 
were built under rather careful supervision by a‘mason who was 
hired by the day. 

It is hoped that the data obtained from these tests will be valuable 
for the purposes listed below. 

1. To determine the relation between the several physical proper- 
| ties of the bricks and the strength of walls built therefrom. 

2. To obtain the comparative strengths of different types of solid 
and of hollow walls of brick. 

3. To determine the effect of damp curing on the compressive 
strength of brick walls. 

4. To determine the relation between the strength of the mortar 
and the strength of the wall. 

5. To determine the effect of the quality of workmanship on wall 
: strength. 

6. To compare the compressive strengths of masonry specimens of 
different sizes. 


III. DESCRIPTION OF SPECIMENS AND THE TESTING 
METHODS 


1. BRICKS 
(a) DESCRIPTION OF THE BRICKS 


Four kinds of common bricks were used in building the specimens 
for this investigation. As the principal differences between these 
bricks are in the method of manufacture, a short description of the 
methods of forming is here introduced. 

Bricks are usually formed by the soft-mud, dry-press, or stiff-mud 
processes. In the soft-mud process the clay is reduced with water to 
a semiliquid consistency and formed in molds with slight pressure. 
Usually the molds are first dampened and then sanded before use, 
thus giving the bricks a finish which is commonly termed ‘sand 
struck.” The dry-press process resembles the soft-mud process 
except that much less water is used, resulting in a stiffer mixture, 
'and the bricks are formed in molds under considerable pressure. 
In the stiff-mud process the clay mixture is extruded from an orifice 
or die in a continuous column which is cut to form the individual 
bricks. If the cross section of the column is approximately 8 by 3% 
inches and the cuts are 2% inches apart, there results what are known 
as “‘side-cut”’ bricks. If the column has a cross section approximately 
2h by 3% inches and the cuts are 8 inches apart, the term ‘‘end-cut”’ 
is applied to the bricks. Sometimes double or triple dies are used on 





Bureau of Standards Journal of Research [vi 


one machine, but the columns are cut in the same manner as When 
but one is used. 

For convenience these bricks are designated by the name of th 
region in which they were made and are described as follows: _ 

Chicago.—These bricks were made from surface clay and formed }y 
the end-cut, double-column, stiff-mud process. They are rath 
irregular in shape and contain lime nodules. 

Detroit —These bricks were formed by the soft-mud process froy, 
surface clay. Like many soft-mud bricks, they were formed with , 
frog or depression in one face approximately 0.4 inch deep. Thew 
Detroit bricks resemble the soft-mud bricks from the Clevelgn) 
(Ohio) region. 

Mississippi.—These were surface-clay bricks formed by the diy. 
press process. Regularity of size and shape was the outstanding 
characteristic of these specimens. 

New England.—These bricks were formed by the soft-mud proces 
from surface clay and were “‘sand struck.” The specimens possessed 
a shallow frog or depression, were very hard burned, and rathe 
irregular in size and shape. 

The average sizes and weights of these bricks, from measuren 
of 50 specimens of each kind, are given in Table 2. 


TABLE 2.—Average size and weight of the bricks 


Kind of brick | Chicago | Detroit 


7. 84 8. 16 


3. 60 3. 60 


| EE FO : -«<--~-INCheS 
Lo es IF Prk. tty : at St 
ELIE AEE OTIS 2 ORS At - 2. 21 2. 46 
Dry weight per brick __- ine ... pounds 3. 94 4.16 
Weight _...-- pounds per cubic foot... 109 


| 


(b) TEST METHODS 


The usual tests as outlined by the American Society for Testing 
Materials,! of compressive strength, modulus of rupture, and water 
absorption, were made on about 50 bricks of each kind. In order to 
obtain a more complete knowledge of the properties of the brick, stil 
other tests were carried out as outlined below. 

(1) Compressive Trsts.—The compressive tests of half bricks on 
edge are the only tests described in the specifications for building 
brick of the American Society for Testing Materials. It was decided, 
however, to include also compressive tests of whole bricks edgewis 
and flatwise. Besides the half bricks tested flatwise and edgewise in 
a dry condition, an equal number of half bricks were tested when 
wet. For these tests they were prepared as for the dry tests, immersed 


— 





1A,8, T. M. Standards, p. 665; 1924. 
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Figure 1.— Brick walls stored ix the laboratory 


Note the mortar specimens on the walls. 
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Figure 2.—A pparatus for tensile tests of brick 
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in water at room temperature for 48 hours, taken out, and tested 
within 10 minutes. 

The compressive strength was obtained by dividing the maximum 

load by the sectional area. 

(2) Transverse Tusts.—The bricks for the transverse test were 
‘tested on a 7-inch span with a central load and with apparatus rec- 
F ommended by the American Society for Testing Materials. Since 
' in some of the walls the bricks are laid on edge or rowlock, transverse 
‘tests were made on brick edgewise as well as flatwise. The modulus 

of rupture in pounds per square inch was computed from the formula 


, sul 
i ~ 2 bd? 
} in which 
lis the distance between supports, 7 inches, 
bis the width of the brick perpendicular to the line of load 
application, in inches, 
dis the depth of the brick parallel with the line of load application, 
in inches, and 
w is the maximum center load in pounds. 

(3) Tenstte Trsts.—Tensile tests of the whole brick were made 
in the apparatus ? shown in Figure 2. The bricks for these tests 
were dried and shellacked. The sides of the bricks were than bedded 

} in plaster of Paris to give smooth and parallel surfaces as shown in 
‘this figure. The spherical bearings of the apparatus assisted in 

‘producing a uniform loading over the cross section of the specimen, 
'and nearly all of the specimens broke in the free length between the 
ends of the gripping wedges. 

' The tensile strength was obtained by dividing the maximum load 
»by the product of the width and depth of the brick. 

(4) Spar Trsts.—Punching shear tests were made with the 

apparatus designed by H. H. Dutton and described and pictured in 
F Kessler and Sligh’s paper on ‘Physical Properties of the Principal 
*-Commercial Limestones Used for Building Construction in the 
| United States.” * All tests except those on the New England brick 
» were made on halves from the tensile test. Due to the strength of the 
| New England brick, it was found necessary to use thinner test speci- 
Fiiens, and consequently the tests were made with slabs 1 inch in 
| thickness sawed from whole bricks. 

(5) Absorption Trsts.—Water-absorption tests were made by the 
)5-hour boiling test and by a 48-hour immersion test. For the former, 

»dry bricks were submerged in water at room temperature, the water 





E For a more complete description of this apparatus, see J. Am. Ceram. Soc., 11, No. 2, pp. 114-117; Feb- 
S Tuary, 1928, 
D. W. Kessler and W. H. Sligh, B. S. Tech. Paper No. 349, p. 508. 
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heated to boiling within 1 hour, boiled continuously for 5 hours, and 
allowed to cool to room temperature. In the 48-hour immersion tes} 
they were immersed in water at room temperature for that period o; 
time. The percentage of absorption was calculated on the dry weight 
according to the relation : 


(B—A) 
A 


where A is weight of the dry brick and B is the weight of the saturated 
brick. 


Percentage of absorption = 100 


2. MORTAR 


The mortar mixes represent certain commonly used volume pro- 
portions. Measurements by volume, however, would have resulted 
in wider variations in the mortar compositions than seemed desirable 
so that equivalent proportions by weight were used, assuming that | 
cubic foot of lime weighs 40 pounds and 1 cubic foot of cement 
weights 94 pounds. The weight of the dry materials in a cubic foot, 
loose measure, of the damp sand used on this work was determined by 
preliminary tests to be about 73 pounds. Since the weight of a cubic 
foot of damp sand, loose measure, varies with the moisture content, 
the moisture in a sample of sand was determined each day during the 
construction of the walls and the weight necessary to make the desired 
amount of dry sand was computed. This value was used in propor- 
tioning the mortar for the day. Water was added to give the consist- 
ency desired by the mason and the amount of water recorded. All the 
mortar used was proportioned by these equivalent weights. 

The mortar for walls 1 to 18 and 160 to 162, built of Chicago brick, 
was mixed in the same proportions as had been used for the sand-lime 
brick walls, already referred to. These mixtures were as follows: 
Lime mortar By volume, 1% parts of hydrated lime to 3 parts of 

damp sand; weight equivalents, 50 pounds of lime to 
220 pounds of dry sand. 

Cement-lime mortar By volume, 1 part of Portland cement, 1% parts of 
hydrated lime, to 6 parts of damp sand; weight 
equivalents, 94 pounds of cement, 50 pounds of 
lime, to 440 pounds of dry sand. 

Cement mortar By volume, 1 part of Portland cement to 3 parts of 
damp sand; weight equivalents, 94 pounds of cement 
to 220 pounds of dry sand. 

The mortar mixtures used in the other walls were cement lime and 
cement mortars. They differed slightly from the above mixes s0 
as to be in conformity with the mortars recommended for solid walls 
by the Building Code Committee of the Department of Commerce.’ 





4 Report of Building Code Committee, Elimination of Waste Series, Recommended Minimum Require 
ments for Masonry Wall Construction, Department of Commerce, Washington, D. C, 
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FiGure 3.— Types of brick walls 
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Ficure 4.—T'ypes of brick walls 
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The mixtures for walls 19 to 159 and 163 to 168 were as follows: 


Cement-lime mortar..... By volume, 1 part of Portland cement, 1 part of 
hydrated lime, to 6 parts of damp sand; weight 
equivalents, 94 pounds of cement, 40 pounds of 

lime, to 440 pounds of dry sand. 

; Cement mortar By volume, 1 part of Portland cement to 3 parts of 

damp sand (hydrated lime equal to 10 per cent of 

the volume of the cement was added) ; weight equiv- 
alents, 94 pounds of cement, 4 pounds of lime, to 

220 pounds of dry sand. 


- Jt is rot believed that these mortars differed to an appreciable 
» extent in their effect on brick-wall strength from the corresponding 
' mortars used in the walls of Chicago brick, but a comparison of 
' the cement mortars may be obtained from the results of tests of the 

two groups, 160 to 162 and 163 to 165. 

The Portland cement and the hydrated lime were purchased on the 
' open market and conformed to the requirements of the United States 
' Government purchase specifications, Federal Specifications Board 
specification Nos. la and 249, respectively. The sand was Potomac 
River sand. All the lime and sand were on hand before any walls 
were built. The cement was obtained as needed from Government- 
inspected bins. 

Six cylinders (2 inches diameter, 4 inches long) for compressive 
tests were made from the mortar of each wall, except that for each 
wall built with lime mortar only three cylinders were made. After 
they had been taken from the molds, three cylinders were placed on 
the wall they represented, as shown in Figure 1, and allowed to age in 
this position. These cylinders will be described as ‘‘dry.”” The other 
cylinders were placed in water and will be termed ‘“‘wet.”” The 
three cylinders made for each of the lime mortar walls were aged dry 
because lime mortars disintegrate when placed in water. The cylinders 
were tested on the same day as the corresponding wall. 


3. WALLS 
(a) TYPES 


Ten different types of brick masonry were included in this investi- 
gation. ‘They consisted of three types of solid brickwork, and seven 
types of hollow walls as follows: 

A, 8-inch solid. F, 12-inch all-rolok in Flemish bond. 
B, 12-inch solid. G, 8-inch rolok-bak. 

C, 8-inch all-rolok. H, 12-inch rolok-bak, heavy duty. 
D, 12-inch all-rolok. I, 12-inch rolok-bak, standard. 

E, 8-inch all-rolok in Flemish bond. J, 4-inch economy walls. 


Partially completed walls of each of these types, except that of the 
12-inch rolok-bak, standard type, are shown in Figures 3 and 4. 
Sectional views of the 10 types of construction are shown in Figure 5. 





516 Bureau of Standards Journal of Research 


The 8-inch and the 12-inch solid walls were laid in common Ameri- 
can bond, having headers each sixth course. The bricks in thes 
walls were laid flat. These types are shown in Figure 3. 

The solid walls built with Chicago brick (walls 1 to 18) began and 
ended with a header course. None of the other solid walls had headey 
courses at the top or bottom. 

The hollow walls had header courses at the top and bottom. |) 
the all-rolok walls the stretchers are laid on edge. Every third 
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Ficure 5.—Sectional views of the types of brick-wall construction tested 


course is a header course with the brick flat. Figure 3 shows that in 
the 8-inch all-rolok wall the headers are side by side and, of course, 
extend completely through the wall. The back of a 12-inch wall o! 
this type is also shown in Figure 3. The center withe of brick on 
edge is not centered in this wall, but is lined up with the outside 
headers as shown in Figure 5. The header courses are of ‘basket 
weave,” in which two header bricks joining the face withe with the 
central withe alternate with two header bricks joining the back withe 
with the central withe, the spaces opposite each pair of headers being 
occupied by a single stretcher. 
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The all-rolok in Flemish bond walls are shown in Figure 4. In 
these walls all the bricks are on edge laid in Flemish bond for the 
outside 8-inch width. For the 12-inch wall a withe of stretchers is 
added, three courses high. The appearance of the front of the wall 
in the next course is still of the Flemish bond, but the headers of this 
course are bats and the backing is a continuous course of rowlock 
headers. 

The exterior 4-inch thickness of the rolok-bak walls, shown in 
Figure 4, is laid with the brick flat and the backing is laid of brick on 
edge. On the exterior, therefore, the brickwork has the usual ap- 
pearance of ordinary brickwork having headers each seventh course. 
Four courses of brick on edge bring the backing courses to the same 
height as that of the six flat courses of the face. The 12-inch rolok- 
bak wall, shown in Figure 4, is the heavy-duty type recommended by 
the Common Brick Manufacturers’ Association for heavy load- 
bearing construction. In this type the fourth backing course con- 
sists of rolok-headers. Two 12-inch rolok-bak walls, standard type, 
were included in this investigation. The standard type differs from 
the heavy-duty type by having the four backing courses all stretchers, 
the flat header course being of “basket weave.” This difference is 
shown in Figure 5. 

The economy wall shown in Figure 4 is essentially a 4-inch wall 
with pilasters 8 inches wide and 4 inches thick built into the wall at 
intervals of about 5% stretcher lengths. The pilasters were tied to 
the 4-inch withe with headers each sixth course. All bricks were 
laid flat. The ‘“‘economy”’ walls of this investigation were plastered 
on the back between the pilasters with the same kind of mortar as 
that in which they were laid, since this method of construction is 
recommended for weatherproofing the single withe. 

A more extended description of the hollow walls is given in the 
literature of the Common Brick Manufacturers’ Association.® 


(b) SIZE 


The walls were 6 feet long. When necessary, the end bricks were 
chipped so as to project only slightly beyond the end of the wall, as 
shown in Figure 1. The height of the walls was about 9 feet. 

The thickness of each wall was measured at three different heights 
on each end and was considered as the average of these six measure- 
ments. The length of each wall was considered to be 72 inches, since 
this was their minimum length and equaled the lengths of the base 
channels and the platen of the testing machine. 


‘ Hollow Walls of Brick and How to Build Them, Common Brick Manufacturers’ Association of Amer- 
ica, Cleveland, Ohio. 
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(c) WORKMANSHIP 


The walls of this investigation have been divided into two series, 
each of which was built by a different mason and with a differen; 
grade of workmanship. There is at present no scale by which the 
workmanship can be measured, and, consequently, differences in the 
quality of the work are difficult to evaluate. The following descrip. 
tion may aid in judging the grades of workmanship. 

(1) Serizs 1.—Walls 1 to 17 of series 1 were built so as to have 
the quality of the workmanship directly comparable to that obtained 
with the sand-lime brick walls which had already been tested at the 
Bureau of Standards.® Bids were obtained from a number of rep. 
utable local masons, and the work of building the walls was awarded 
the lowest bidder, who happened to be the same mason who had 
built the sand-lime brick walls. This mason received neither instruc- 
tion nor supervision. Only on wall 159 of series 1 were instructions 
given and supervision exercised. Characteristics of the work were 
that there was practically no mortar in the longitudinal vertical 
joints, the horizontal mortar beds were deeply furrowed, and the 
brick were laid at a high rate. Figure 6 is an end view of several 
walls of series 1. 

Figure 7 shows a horizontal mortar bed of one of these walls after 
the test of the wall. The furrows made by the trowel point are plainly 
visible, and the ureven bedding caused by them must have weakened 
the wall. Figure 8 shows an end view of a similar wall built with ce- 
ment-lime mortar. The trowel marks may be plainly seen. In 
this connection, it should be pointed out that the mason thought that 
he eliminated the furrows by pressing down and tapping the brick. 

Walls 154 to 158 were built by the same mason and with the same 
grade of workmanship. The hollow brick walls included among these 
were the first of those types that this mason had built. Wall 159 was 
also built by the same person. For this wall he was instructed to 
fill the vertical mortar joints between the withes and not to furrow 
the horizontal mortar beds with the point of the trowel. 

(2) Serres 2.—The walls of series 2 were built by the other mason, 
who was employed by the day without regard to output. His work 
was characterized by complete filling of all vertical joints and smooth- 
ing of beds. The filling of vertical joints was accomplished not by 
the use of ‘‘shoved’’ work but by heavy ‘‘buttering”’ and ‘“‘slushing” 
or “dashing” after completion of the course. His original instruc- 
tions were to use his best workmanship without ‘‘shoving”’ the brick. 
Near the end of the program he was instructed to use shoved work on 
the two 12-inch solid walls 48 and 108. It may be of interest to note 
that he did not require instructions in filling vertical joints, but he 
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FIGURE 6.- 
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Figure 7.—The moriar bed in a wall of series 1 


Wall 14, an 8-inch solid wall built of Chicago brick, laid in cement mortar. 
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Ficure 8.—End view of a wall of 
series 1 after test 


Wall 8, an 8-inch solid wall built of Chicago 
brick, laid in cement-lime mortar. 
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Figure 10.—The mortar bed in a wall of series 2 


Wall 101, a 12-inch solid wall built of New England brick, laid in cement-lime mortar. 
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Figure 11.—Characteristics of the horizontal mortar bed (the furrowing) in the 


walls of series 1 
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MicgurE 12.—Carefully leveled horizontal mortar beds in the walls of series 2 
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Figure 13.—A portion of wall 18 after test 


Note that the mortar joints are completely filled r 
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| had to be cautioned not to furrow the horizontal beds. However, he 
' later reported that laying smooth spread beds was as easy as laying 
furrowed ones. He worked at all times very carefully and slowly; 
' in fact, his work would be characterized as “fussy”? compared with 
' that of the mason who built the walls of series 1. No difference 
' was noted between the general plumbness of the two men’s work. 
Figure 9 shows an end view of several walls and Figure 10 a typical 
' mortar bed for the walls for series 2. Figures 11 and 12 are views 
' showing a furrowed bed and a carefully leveled horizontal bed. 
_ Jt was originally planned to have 18 walls of Chicago brick built in 
series 1, but sufficient bricks were not available to build the last wall 
| (wall 18). Enough bricks were, however, salvaged from the speci- 
mens after the tests of the first 17 walls for another wall. Wall 18 
_ was, therefore, built afterwards by the mason of series 2. He used 
great care in its construction, and it is doubtful whether better con- 
| struction could have been obtained. Figure 13 shows a portion of 
this wall after test and gives an idea of how well all joints were filled. 

Two 12-inch solid brick walls of this series laid in cement mortar 
(walls 48 and 108) were built with “shoved” workmanship. Wall 
| 48 was built of Mississippi brick and wall 108 of New England brick. 
' The object of building these walls was to compare the strength of 
the shoved work with that of equally careful work not shoved. 

The difference in the rate of laying brick by the two masons is 
believed to be due more to the characteristics of the men than to the 
methods employed. The reason for this belief is that the mason 
who built the walls of series 1 worked as fast on the supervised wall 
(No. 159) as he did on the others. 


(4) METHOD OF CONSTRUCTION 


The Chicago brick used for walls 1 to 18 were stored in the labora- 
tory and were consequently rather dry. The bricks were placed in 
« wheelbarrow and a pail of water poured over them. On the average, 
the brick of these walls were drier when laid than those in the other 
walls, 

The other bricks were piled in the open without arranging them in 
regular order. Twenty-four hours before they were laid in the wall 
they were thoroughly sprinkled until the water flowed continuously 
from every portion of the pile. They were again sprinkled in the 
same manner just before laying. 

Each wall was built on a steel channel, as shown in Figure 6, so it 
could be moved into the testing machine. Starting on the level 
channel, the wall was kept plumb and the courses level as the work 
progressed, 
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(e) CONSTRUCTION DATA 


The average construction data for the walls are given in Table 3. 
The walls were constructed under careful supervision as to the 
mixture of the mortar materials and records were kept of the time 
and materials required. Since these records give construction data 
which may be used in making estimates for comparing the cost of 
the several types of walls, it is thought that they are of value to 
contractors and architects. 

(1) Rate or Buriprne.—The time required to build each wall 
was recorded, beginning when the base plate was level and ending 
when the last brick was laid. The time, about 10 minutes, required 
to erect the scaffold, was included. Table 3 gives the rate of building 
in square feet of wall surface per hour per mason and also the rate 
of laying brick per hour. This table shows that the walls of series 1, 
which were built under contract, were built at a much faster rate 
than those of series 2, built by day labor under careful supervision. 
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(2) Marertats Usep.—Table 3 also shows the amourts of the 
various mortar materials used for each square foot of wall surface. 
The amount of water used in the mortar is also reported. The num- 
ber of bricks per square foot of wall surface was obtained by dividing 
the counted number of bricks in the wall by the area of the wall 
surface. 

(3) Comparative Construction Data ror DirrerENT TypEs 
or Wautis.—In order to study the comparative construction data 
for different types of walls, only the walls built of Mississippi and 
New England brick will be considered, since no hollow walls were 
built of either the Chicago or the Detroit brick. In order to limit the 
variables still further, only walls of series 2 will be considered first. 
These walls were all built by one mason and included 60 walls each 
of Mississippi and New England brick. It should be remembered 
that the solid walls of this group had full horizontal and vertical 
mortar joints. 

Although two different mortars were used, it is possible to bring 
them to a common basis for comparing the quantities of mortar 
| materials by a study of the amounts of sand. This is permissible, 
|} since each mortar is essentially 1 part of cementing materials to 3 
| parts of sand. 

Since the same number of walls was built of each kind of brick, 
the number of bricks per square foot of wall surface has been averaged 
for all the walls of one type and these values are given in Table 4 (A). 

The rate of building will, of course, vary with the mason, the kind 
of structure, and other factors. The data given in Table 4 (A) were 
| obtained with walls which were all of the same size, were built in 
the same laboratory and by the same mason and helper. A compara- 
tive study of building time can, therefore, be made from these data 
directly, although it should be remembered that there were no open- 
ings, jambs, or corners which might make some difference in the 
respective rates of building the different types of walls. 

The 8-inch and the 12-inch solid walls have been used as the basis 
for a comparison of the materials and the time required for building 
| the different types of walls. Since it seems more logical to compare 
the time required to build walls of equal size rather than the rate of 
building, the time ratios, which are proportional to the reciprocals 
of the rate of building, are also given. These ratios are plotted in 
| Figure 14. 
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TABLE 4.—Average construction data of solid and hollow walls of brick 


(A) WALLS OF SERIES 2 
COMPARISON WITH 8INCH SOLID WALLS 





Rate of |- as ———. 
Type of walls | build- Rate of 


ing build- | Tins 
| 

| 
| 
| 


ing 


8-inch solid 

8-inch all-rolok 

8-inch A.r. F. b.!___- 
8-inch rolok-bak_____- 
4-inch economy 


1,00 
- 55 
55 
. 64 
- 67 


1 














——— sso 
bho to bo hed 


| 











COMPARISON WITH 12-INCH SOLID WALLS 








12-ineh solid 8 20. 8 19.8 5. 6 | 1.00 1.00 
12-inch all-rolok ___- ; 11.3) 14.2 6.7 | . 54 ota 
12-inch A. r. F. b.! 2) 10.9 5.3 6.6 52 Pi f 
12-inch rolok-bak : 18 12.6} 16.5} 6.3 -61 . 88 





* (B) WALLS OF SERIES 1 
COMPARISON WITH 8-INCH SOLID WALLS 








SL mee eee d . 25 | 4 | 1.00 | 1. 00 
8 inch all-rolok ____........-..-- ; 3 . 63 | .78 
8-inch A. r. F. b.!_ 1.03 | 


. | 
ree ue 7 | a 03 | .79 
Gamion conen-par. ee 8 | . | 20.5 | 74 | 


. 89 





1 All-rolok-in-Fiemish-bond type of wall. 


Tables 4 (A) and Figure 14 show that there is a considerable 
saving in brick and mortar materials in all the hollow walls as con: 
pared to solid walls of the same thickness. The all-rolok walls and 
the all-rolok walls in Flemish bond show a saving of at least 45 pe 
cent in mortar materials and of about 25 per cent in the number of 
brick required. The rolok-bak walls, on the average, show saving: 
of about 40 per cent in mortar materials and 15 per cent in brick 
Of the eighteen 12-inch rolok-bak walls mentioned in Table 1, 1é 
were of the heavy-duty type and 2 of the standard type described 
in the reference. The time required to build the hollow walls is also 
less than for solid walls of equal thickness. Fewer brick are neede( 
for the 4-inch “‘economy”’ walls than for the 8-inch hollow walls, but 
because of the back plastering the amount of mortar (per square foot 
of wall surface) was about the same as for the 8-inch hollow walls 
On account of the time taken for plastering the back, the average 
amount of wall area built per hour was only 5 per cent more that 
with the solid 8-inch walls. 

These walls, referred to in Table 4 (A) were built by a mason who 
was hired by the day, and they may be classed as construction unde! 
careful supervision. In order to have a comparison between this 
quality of work and work without careful supervision, the four walls (15: 
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to 158) of series 1 may be considered. These were all 8-inch walls of 
series 1 built of Mississippi brick with cement mortar. The con- 
struction data for these walls are given in Table 4 (B). 

(4) THICKNESS OF THE MortTaAR Jornts.—The average thickness 
of the horizontal mortar joints is given in Table 3. These values 
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Fiaure 14.—Comparative construction data of walls of 
series 2. The data from the 8-inch and 12-inch solid 
walls have been used as the basis of comparison 

but 
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were found by subtracting the total brick thickness (number of 
courses times average thickness of brick as given in Table 2) from 
the height of the wall and dividing by the number of mortar joints. 
The mortar joints in the walls of series 1 were much thicker than in 
those of series 2. 


(f) AGING CONDITIONS 
who re , P ll . 
j [he walls remained in the laboratory, as shown in Figure 1, until 
10¢e! 


they were tested. 
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(1) ScnepuLE or BuriLtp1nc.—On account of the long time (more 
than one year) required for these tests, Table 5 is given to show tho 
dates at which the walls were built and tested. 

In order to minimize the effect of changes which might occur jy 
curing conditions or change in workmanship, the walls 34 to 153 of 
Mississippi and New England brick, series 2, were built in the order 
shown by going down the columns of Table 1—that is, 34, 37, 40-9). 
94-151, 35, 38, ete. | 


TaBLE 5.—Schedule of walls 








Building | Testing 
Started completed 


Series | Wall Nos. Brick 








oe ne ae ee ee 

Detroit - Mawsncogeeehinascandénascepesonsdii DERN Same | omy 2.1 
Mississippi and New England __.___........| May 27,1926 | Mar. 4, 1997 
| Chicago-. | July 31, 1926 | Sept. 27, 192 
------| New En ..------| Jan. 19,1927 | Mar. 22) 1927 
| Chicago____- a sewecccncncccs} AU, 10, 1987 | Oct. 20, 1977 
| Sept. 1, 1927 | Feb. 16, 1928 








(2) Tue Lasporatory.—The curing conditions in the laboratory, 
shown in Figure 1, in which all the walls were built and tested, was 
generally about the same as out of doors during the spring, summer, 
and autumn, since large doors were nearly always open. During the 
colder part of the year it was heated. Being indoors, the walls were, 
of course, protected from precipitation and from the direct rays of 
the sun. 

(3) Damp-CurEep Wattis.—In order to determine whether brick 
walls, built with cement mortar, kept damp for several days after 
construction are stronger than similar walls allowed to age under 
normal conditions in the laboratory, the walls listed in Table 1 as 
‘“‘wetted’’ were built. These wails, which were all laid in cement 
mortar, were covered with burlap, as shown in Figure 15, as soon as 
they had been completed. The burlap was kept wet for one week 
after the walls had been built and was then removed. These wet 
walls were similar as to the kind of brick, mortar, workmanship, and 
size to an equal number of walls which were not covered with wet 
burlap, as may be seen in Table 1. 


(g) AGE 


The walls were tested from 57 to 62 days after construction, with 
the exception of wall 168, built of Chicago brick with cement mortar, 
which was tested when 169 days old for the purpose of exhibiting the 
test to a group of visitors. 

(h) TESTING MACHINE 

The walls were tested in the 10,000,000-pound capacity compres- 

sion machine, shown in Figures 1 and 16. This machine is of the 


vertical type and is capable of testing specimens whose height does not 
exceed 25 feet and whose width in the clear does not exceed 6 feet. 
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Figure 15.—A wall covered with burlap for damp curing 
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Ficure 16.—A wall in the 10,000,000-pound capacity testing machine ready 
for test 
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The upper head during a test remains stationary, but for the purpose 
of adjusting the machine to the height of the specimen this head is 
moved by large nuts turning on the four 13-inch diameter screws of 
the machine. ‘These nuts are turned by a gearing mechanism which 
is driven by an electric motor placed on the head. 

The lower platen, 6 feet square, rests on a spherical base of 5 feet 
radius which is mounted upon a vertically acting piston of 50 inches 
diameter and 24-inch stroke. There is attached to the bottom of 
this ram a guiding plunger 14 inches in diameter and 2 feet 5 inches 
long which fits into the large base casting of the testing machine and 
serves for proper centering of the parts. 

The lower, or straining platen, is subject to the oil pressure in the 
cylinder, which, at the capacity of the machine, is approximately 
5,000 lbs./in.2? The oil pressure communicates through auxiliary 
piping with a smaller piston of 5%. inches diameter. This piston 
has a “knife-edge” bearing on the main lever, WV, of the testing machine 
lever system. (See fig. 17 for reference to the various parts by letters.) 
The ratio of the areas of the large and small piston is approximately 
as 80:1, the weighing lever, L, being graduated up to 2,000,000 pounds 
to read the actual load on the specimen. For loads greater than 
2,000,000 pounds four weights, W, are provided, which may be 
placed on the end of the lever as desired. Each of these weights 
when attached to the end of the lever has a moment about the balance 
point B of the lever equal to that of the poise when it is at the 
2,000,000-pound graduation, 2 WM. Thus, if one weight is used and 
the poise, P, indicates a given load, the force on the specimen is 
equal to 2,000,000 pounds plus the poise reading. 

The pressure in the cylinder of the machine is obtained by means 
of a triple plunger oil pump, O, having an air dome, A, for equalizing 
the pulsations of the three pistons. The pump is belt driven by an 
electric motor, Z. The piping from the pump leads to the bottom 
of the cylinder and is directed downward toward its base, while the 
piping which leads to the weighing piston is taken from the top of 
the cylinder, as far as possible from the other pipe, and where there 
is the least disturbance. 

The passage of oil from the pump is controlled by two valves, V, 
and the system is protected from dangerous pressures by an automatic 
overload relief valve. The oil can also be passed directly from the 
pump back to the reservoir by means of a hand-controlled relief 
valve, R. The speed of the lower platen may be varied in the follow- 
ing manners: By varying the lengths of stroke of the pump pistons 
through the handwheel, H; by operating a by-pass needle valve, N, 
which controls the size of the passage in the valve block; by manip- 
ulating the globe valves, V, or the relief valve, R; or by varying the 
operating speed of the motor through the motor-controller switch. 
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The speed of the main piston may in this manner be varied from zey) 
te % inch per minute at no load. 


(i) METHOD OF TESTING 


The walls were tested in compression under central loading. For 
these tests the channel at the base of the wall was bedded in plaster 
of Paris. The lower platen was then tilted, if necessary, until the 
wall was plumb and the top of the wall was nearly parallel to the 
lower surface of the upper head of the testing machine. A cap 
of plaster of Paris (calcined gypsum) was then spread on the top of 
the wall and the upper head lowered until the space between it and 
the wall was filled with plaster. The gypsum was allowed to set 
for at least an hour before the test was begun. 

Vertical compressometers having a gage length of about 100 inches 
were attached near each corner, as shown in Figure 16. Horizontal 
extensometers were also fastened along the length on each side at 
mid height of the wall. These had a gage length of about 48 inches, 
The dial micrometers were graduated to 0.001 inch, and readings 
were taken at each 50 or 100 Ibs./in.? increment of load on the wall. 
The vertical speed of the lower platen was about 0.06 inch per minute 
during the application of load. When readings were being taken, the 


load was held constant. 
4. WALLETTES 


One hundred and twenty-nine wallettes or small walls, each about 
18 inches long and 34 inches high, were built, which differed only 
in size from the wall of the same number. The walls and wallettes 
of the same number corresponded as to brick, mortar, type, curing 
conditions, and workmanship. No wallettes of the ‘‘economy’”’ type 
were built, since that design is not adapted for specimens of wallette 
size. A group of wallettes is shown in Figure 18. The wallettes 
were built to determine whether walls smaller than the 6 by 9 foot 
specimens possessed compressive strengths which had a definite 
relation to those of the wall specimens. All but the strongest wall- 
ettes were tested in a 600,000-pound capacity universal testing 
machine using a spherical bearing, as shown in Figure 19. One of 
the wallettes (No. 104) tested in the 600,000-pound capacity machine 
could not be broken. It was then retested in the 10,000,000-pound 
machine. All other wallettes of this type which were tested later 
were then tested in the 10,000,000-pound machine. 


IV. RESULTS OF THE TESTS WITH DISCUSSION 
1. BRICK 


The results of the tests of the single bricks are given in Table 6. 
Each average value, except those for shearing strength, is the average 
result from 50 tests. 
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FicurE 17.—Pump and weighing mechanism of the 10,000,000-pound capacity 














FicureE 18.—A group of walleties of series 2, built of Detroit brick 
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Ficure 19.—A wallelte in the 600,000-pound capacity testing machine 


Wallette 28, of series 2, built of Detroit brick, laid in cement mortar. The maximum stress with- 
stood by this specimen was 1,605 lbs./ia.?. 
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The number 50 represents a complete sampling of the shipment. 
While most determinations were checked by two or more independen| 
samplings and tests, for the purposes of this paper a particular ge 
of samples was selected and the others disregarded. On the basis o{ 
the large number of tests made, it can be stated that the strengths of 
given lot as determined by averages of 50 specimens may differ by as 
much as 10 percent. Hence, small differences, such as appear betw een 
the wet and dry compressive and transverse strengths of the Chicago 
brick, for example, should be disregarded, being within the variations 
due to sampling alone. 

While, in general, there is a fair correlation between the different 
measures of strength, comparing one kind of brick with another, 
certain divergencies are evident which may well have an important 
effect on masonry strength. This will be discussed later in the paper. 
For the present, attention is called to Table 7, where the ratios of 
these various physical properties are given. 

Disregarding comparisons of strength wet with strength dry, and 
considering the mean deviation divided by the mean as given in 
Table 7 as a measure of agreement, the most constant ratios are those 
of tensile strength to modulus of rupture. The ratio of modulus o/ 
rupture to shearing strength shows the greatest deviation. 


TABLE 7.—Ratios of various physical or of brick 





Compressive Modu- | Modu- 
stength of half lus of J | ‘lus of Tensile | Shearing 
brick —" bower 4 rupture ye, strength} strength 
dry) wet) rupture Com- | Com- 
Kind of brick | Modu- | (flat pressive | pressive 
48-hour | Edge, Fiat, Com- lus of | yrodn- | ry) atraneth| strenct 
cold dry wet | pressive | rupture | ‘},., of theif “orbalt 
strength] (flat, | nto , | Shearing “(flat, y flat. 
5-hour | Flat, Flat, | ofhalf | dry) | “Hi flat, ® | strength dry ~ 
boiled | dry’ | dry | (fat, | = Jd Mies 
dry) dry) 














5 





4 SE 
Detroit 
Mississippi - - -- 
New E ngland_- 
Mean deviation 


Mean 























A study of Tables 6 and 7 will show that the Chicago brick is 
different from the other three kinds in that its ratio of modulus of 
rupture and of tensile strength to compressive strength and to shearing 
strength is markedly higher than are the corresponding strength 
ratios for the other three bricks, as may be noted in columns 5, 8, and 
9 of Table 7. This is possibly explained by the structure of the 
brick, end cut and laminated, which gives the effect of a bundle of 
fibers running lengthwise of the brick. 

Of the other three kinds of brick, two represent the soft-mud and 
one the dry-press method of manufacture. 
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In the original plan for these tests it was the intention to use bricks 
corresponding to the four grades in the American Society for Testing 
Materials’ Specification for Building Brick (C21-24). On the basis 
of the average values here given these brick would classify as follows: 


Absorption, 5-hours boil- | Modulus of rupture flat- | Compressive strength 
ing | wise halves on edge 





Chicago. ..----- ..--| Medium Vitrified 

Detroit 5 = * ne eee Do. 
Mississippi a mee: a ee a eR ee 
New England - - < if eee ee ae Vitrified. 


—— 





Under the American Society for Testing Materials new Tentative 
Specification for Building Brick (made from clay or shale) (C62—28T) 
these brick classify as follows: 





Com- | 
| pressive 
| strength 
| halves 


Modulus 


of 
rupture 





ae ee 
Detront........ 
Mississippi_--- --- 
New England_----- 





For both these classifications it is provided that the grading “shall 
be determined by the results of the tests for that requirement in which 
it is lowest unless otherwise specified * * *,” 

_ Figures 20, 21, 22, and 23 give the distribution of the individual 
tests, averages of which are given in Table 6. The 50 tests in each 
croup are not enough to give a satisfactory distribution, but these 
eraphs give an idea of the variability of the brick. 

2. MORTAR 

The average results of the tests of the mortar specimens are given 
in Table 8. 

TaBLeE 8.—Compressive strength of mortar specimens 


[Cylinders 2 inches in diameter, 4 inches long] 


REPRESENTING WALLS 1 TO 18 AND 160 TO 162 





Strength 


Mortar Proportions (by volume) RAPHE aT eRe 
Cured | Cured 
wet | dry 


| Lbs./in.| Lbs./in2 
14 L: | | 90 


Cement-lime.......------ OP AEAME? RELIES. 5 igh ea ap 500 
Cement _ _ ee ss ae od SA EE ot gis Ot ence ..| 3,580 1, 460 








REPRESENTING WALLS 19 TO 159 AND 163 TO 168 


Coppgntdiiaee sre onc) 2745. orhdh te ; - _..-.--| 1,100 | 750 
Cement PCA be 4 aE eH TSA Ys ‘see | 3,260] 1,950 
- — - ——— ~ 4) - ~ ad — 
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3. WALLS 
(a) BASIS OF COMPUTATIONS 


The sectional area of the wall was obtained by multiplying the 
average thickness by the length (72 inches). All wall stresses, excep 
some of those in Table 10, were obtained by dividing the load by this 
measured (not nominal) gross area. The stresses in the hollow walls 
are also based on the gross measured areas. 


Half Brick, Dry 


—— for Grek, Wer ate Gah ary 
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Compressive strength, flat - lo fin . Tensile strength = lo,/i 





Ficure 20.—Results of the tests on brick 
Compressive strength, flat, half brick, half brick dry, half brick wet, 
and whole brick dry, and tensile strength 


(b) DEFORMATION OF THE WALLS 


(1) Srress-Srrain Curves.—The average stress-strain curves of 
the solid walls of series 1 built of Chicago brick are shown in Figure 24. 
These curves show the differences in stiffness due to differences in the 
mortar. Both the average vertical compression and the horizontal ex- 
tension of the wall at mid height have been plotted against the com- 
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pressive stress. The horizontal extension is much less than the vertical 
compression, but no constant relation between them, such as the nearly 
constant Poisson’s ratio for some metals, appears to exist. The ratio of 
extension to compression, however, increases with increase in stress. 

The relative stiffness of the different types of walls is shown in 
Figure 25. This shows average stress-strain curves for the 8-inch 


Half Brick, Dry Half Brick, Wer Whole Brick, Ory 
















































































Comeressive strength on edge - thin? 
Fiaure 21.—Results of the tests on brick 


Compressive strength on edge, half brick dry, half brick wet, and 
whole brick dry 


walls of series 2 of Mississippi brick laid in cement mortar. These 
curves for the different types of walls are typical of those found in the 
other groups of walls. The solid walls deform less than the hollow 
walls and the different types of hollow walls appear to deform about 
equally for equal stresses. 

Average stress-compression curves for 12-inch solid walls of series 2 
built with cement mortar and of different kinds of brick are shown in 
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Figure 26. Since the same mortar mixture was used for all of these 
walls the differences in stiffness are due in large part to differences jy 
the properties of the brick, although differences in the thickness of the 
mortar joints doubtless had an influence. 

(2) Secant Moputws or Evasticity.—For the walls laid in cement. 
lime and cement mortars the stress-strain curves are, for low stresses, 
approximately straight lines. In general, however, there is no value 
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Modulus of rupture - bb fin “a 


Fiaure 22.—Resulis of tests on brick 


Modulus of rupture, flat and on edge 


for a modulus of elasticity which is constant over a large stress range. 

For computing the shortening of a wall under the first application of 

working loads, the secant modulus of elasticity, obtained by dividing 

the stress by the corresponding value of the compressive strain, may 

beofuse. These values are givenin Table9. The stress ranges are— 
0 to 125 lbs./in.? for lime mortar, 


0 to 200 Ibs./in.? for cement-lime mortar, and 
0 to 250 lbs./in.2 for cement mortar. 





] Compressive Strength of Clay Brick Walls 
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Figure 23.—Results of tests on bricks 
Absorption per cent, 5-hour boil and 48-hour cold immersion 
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Figure 24.—The average stress-strain curves of the solid walls of series 1 
built of Chicago brick 
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Ficgure 25.—The average stress-strain curves for different types of 8-inch 
walls of series 2 


The walls were built of Mississippi brick laid in cement mortar 
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Figure 26.—Average stress-compression curves for walls built 


of different kinds of brick 


The walls were 12-inch solid walls of series 2 laid in cement mortar 
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(3) Purmanent Sret.—The elastic behavior of these brick walls was 
found to be similar to that found for the masonry piers tested at 
Columbia University.’ Upon release of load, a permanent set was 
found, and upon reapplication of the load, if the former load was not 
exceeded, the vertical deformation in the wall measured from its 
initial condition was only a little more than it was at the initial appli- 
cation of the load. Figure 27 shows the stress-compression curves 
for wall 42 which was subjected to repeated loadings. The slopes of 
the lines, which represent an increase of load, gradually decrease as 
higher loads are applied, although for the smaller stresses there is 
very little difference in the modulus of elasticity for consecutive 
loads. The deformation found on again attaining a certain load after 
a load release is slightly greater than the initial deformation, but upon 
proceeding to a higher load, the compression at that load appears to 
be equal to what it would have been if no release had taken place. 
In other words, the envelope of the stress-compression relations rep- 
resented by the dotted line of Figure 27 with repeated loading appears 
to represent approximately the primitive stress-compression properties 
of the wall. 

One wall in each group of three was subjected to a release of load 
test. Compressometer readings were taken as the load increased 
until the stress was reached for which the secant modulus of elas- 
ticity was computed. The stress was then reduced to 50 |bs/in.?, 
readings were taken, and the load was reapplied. These second- 
loading moduli were in all cases larger than the corresponding values 
of the secant modulus of elasticity. For the lime-mortar walls the 
second loading moduli were more than three times as great as the 
primitive secant moduli, while with the other mortars the increase 
was from 10 to 50 per cent. Upon the release of load from a higher 
stress to 50 lbs./in.?, a permanent set was always found. A typical 
stress-set curve is shown in Figure 27. The ordinates represent the 
stress from which release took place and the abscissas, the compres- 
sion set at 50 lbs./in.?, the stress to which the load was reduced. 
These set curves are fairly straight for the lower stresses, but for 
higher stresses the set increases more rapidly than the load. 


(c) BEHAVIOR OF THE WALLS UNDER LOAD 


In the solid lime-mortar walls (walls 1 to 6), as the load was 
increased the mortar was crushed and squeezed out of the horizontal 
beds. Soon after this occurred stretchers and headers broke, and at 
the maximum load more of the headers were broken and cracks 
appeared in many of the stretchers. These walls were all built of the 
end-cut Chicago brick and many of the stretchers split longitudinally. 








' A. H. Beyer and W. J. Krefeld, Comparative Tests of Clay, Sand-Lime, and Concrete Brick Masonry, 
Bul letin No, 2, Department of Civil Engineering, Columbia Univ ersity; 1923. 
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In the solid walls built with the cement-lime and the cement mor. 
tars longitudinal failure of the stretchers predominated in the walls 
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of Chicago brick, while with the other kinds of brick, all of which 
were molded, the failure of the headers was characteristic. At the 
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Figure 28.—The 8-inch solid wall 37 of series 2, built of Mississippi 
brick, laid in cement mortar, after test 


The strength of this wall was 1,335 lbs./in.’. 
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Ficgure 29.—The 12-inch all-rolok in Flemish bond wall 70 of series 2, built 
of Mississippi brick, laid in cement mortar, after test 


The strength of this wall was 550 Ibs./in.?. 
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maximum load nearly all headers and many stretchers had broken, 
and in some cases, especially with the cement mortar, spalling of the 
brick and vertical cracks also occurred, as shown in Figure 28. No 
| crushing of the mortar was observed except with the lime mortar. 

The failure of the hollow walls was characterized by broken headers. 
Many of the 8-inch walls of the all-rolok and the all-rolok in Flemish 
bond types continued to take load until all the headers had been 
' broken and total collapse took place. In the 12-inch walls of these 
types the rear withes often fell, as may be seen in Figure 29. 

The failure of the rolok-bak walls was also characterized by header 
failures and the collapse of the rear rowlock withe. 

In the “economy” walls the headers broke first, then the mortar 
plastering loosened, and finally stretcher cracks appeared. At the 
maximum load only the 4-inch withe was withstanding the load. The 
area of the pilasters has, however, been included in the area of the 
walls used to calculate the maximum stress. 

The average values for the stresses when the first crack was seen 
are given in Table 9. There seems to be no definite relation between 
these stresses and the maximum stresses that the walls withstood, 
although there was, of course, a tendency for the load at failure to be 
larger if the load at first crack was large. 

The loading was not continued after a marked decrease in the load 
showed that the maximum had been attained. 


(4) COMPRESSIVE STRENGTH 


The individual wall strengths, as well as the average value for any 
group of walls, are given in Table 9. The value of this table is largely 
as a compilation of data on the strength of brick walls, which differ 
as to the materials and the quality of workmanship used in their 
construction, and which may be duplicated in structures. 

Since the selection of proper working stresses for brick masonry 
requires a knowledge of the principal factors that govern strength, 
the results given in Table 9 afford useful comparisons between the 
strength of the walls and the variables featuring their construction. 


(e) THE COMPARATIVE STRENGTHS OF SOLID AND OF HOLLOW WALLS OF BRICK 


In order to study the effect of design on the strength of brick 
masonry, the walls of series 2, alike in all respects except the type of 
wall built.with spread mortar joints and aged under ordinary con- 
ditions, will first be considered. 

The average results of the compressive tests of these brick walls 
are given in Table 10 and are shown graphically in Figures 30 and 31. 
Hach value is the average for three similar walls. 
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The values of compressive strength, which are.based on gross area, 
are the same-as those in Table 9 and were obtained by dividing the 
maximum load on the specimens by the gross area. The net areas 
of the walls were calculated as the product of the actual width of the 
brick withes and the length of the walls. They are less than the 
gross areas because the thickness of the longitudinal vertical joint 
was not included. For the hollow walls these net areas represent the 
minimum area in compression and for the solid walls they represent 
the sums of the areas of the brick withes under compression. The 
gross and net areas are the same for the 4-inch economy wall. 


TABLE 10.—Average strength of the different types of brick walls of series 2 


CEMENT-LIME MORTAR 





Mississippi brick | New England brick 





Type of wall Compressive strength based on— 





Gross Net area Gross 


area area | Net area 








| Lbs./in.4| Lbs./in.2 | Lbs./in.4 | Lbs./ins 
8-inch solid } 1, 160 1, 265 1, 790 2, 030 
12-inch solid spesceeael 300 1, 890 2, 180 
8-inch all-rolok Wiha Te lgt.  neetes meet 765 5 t 1,570 
12-inch all-rolok 705 1, 350 
8-inch all-rolok in Flemish bond_..__...._._- 750 1, 130 
12-inch all-rolok in Flemish bond 675 1, 560 
8-inch rolok-bak 940 1, 210 
12-inch rolok-bak 850 1, 480 
4-inch economy sada 1, 435 ‘ 1, 940 
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The compressive strengths in pounds per square inch of the three 
types of solid walls are about equal. It is especially noteworthy 
that the thin 4-inch economy walls, when concentrically loaded, 
withstood as high compressive stresses as did the walls 8 and 12 
inches thick. 

For the walls built*of either Mississippi or New England brick 
the solid specimens withstood greater loads and greater stresses, 
based on gross area, than did the hollow walls. If the wall strength 
is a function of the area in compression, as may reasonably be sup- 
posed, the strengths, based on net areas, should be the same for 
all walls built of the same kind of brick and laid in the same kind of 
mortar. This is apparently true for the walls of Mississippi brick, 
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as may be seen from Figure 30. The strength values listed under 
Mississippi brick, net area, in Table 10 are remarkably uniform for 
each mortar mixture, and it is apparent that the net areas of the walls 
built of Mississippi brick may be used as a basis of design for the 
hollow walls. These bricks were not warped, were fairly uniform 
in size, and had nearly perfectly rectangular cross sections. 

The results of the tests of the hollow walls of New England brick, 
however, show that they do not have a constant compressive strength. 
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Fiaure 30.—Average strength of the walls of series 2 
built of Mississippi brick 





based on net area. Table 6 indicates that the various strength 
properties are from two to three times as much for the New England 
as for the Mississippi brick, while Table 10 shows that the solid walls 
of New England brick are considerably stronger than those of Mis- 
sissippi brick. The strengths of the hollow walls are, however, not 
greatly different for the two kinds of brick. 

The New England brick were not as regular in their shape as the 
other. The cross section of these brick was similar in shape to that 
shown in Figure 32, although the difference in width between top 
and bottom is much exaggerated. The difference in the top and 
bottom widths of these molded brick amounted to about 0.1 inch, 
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and it may be that this lack of a truly rectangular cross section 
affected the wall strength when the brick was laid on the narroy 
edge as in the hollow walls. 

Since the hollow walls of the strong New England brick are not 
much stronger than those built of the Mississippi brick, it must be 
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Figure 31.—Average strength of the walls of series 2 
built of New England brick 


concluded that the compressive and tensile strength and the modulus 
of rupture of the individual brick do not completely define the factors 
that have a determining influence on the strength of hollow masonry. 
Further research will be necessary before the strength of a hollow 
wall can be predicted from the strength of the brick and mortar. 

In order to study the effect of type on wall strength when the walls 
were built with less care, those walls of series 1 listed in Table 11 will 
be considered. 
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TaBLE 11.—Strength of different types of walls of series 1 


[Brick, Mississippi; mortar, cement] 





Wall strength 
based on— 
Type of wall N ee ae see: 


Gross 


T * 
area Net area 








Lbs./in.2 | Lbs./in.? 
s-inch solid 870 950 
s-inch all-rolok.......-..-- POS Se ee ; : 56 440 780 
s-inch all-rolok in Flemish bond | 5 535 940 
8-inch rolok-bak 4 ‘ 745 1,010 











Since only one wall of each type was tested, the results are not very 
conclusive, but, in general, they show the same trend as those for the 
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Fiaurr 32.—An exaggerated view of a cross section of an 


irregular brick 





walls of series 2 built of Mississippi brick. The solid wall withstood 
the greatest compressive stress, based on gross area, and the hollow 
walls were practically as strong as the solid, based on net area. 

The walls of series 1 had lower strengths than those of series 2, but 
the values given in Table 11 show that the hollow walls of brick 
may be safely used for many construction purposes. 


(f) THE EFFECT OF MORTAR ON THE STRENGTH OF WALLS OTHERWISE SIMILAR 


In series 1 the tests of the solid walls of Chicago brick afford com- 
parisons from which the effect of the mortar on wall strength can be 
determined. The three mortar mixtures had very different com- 
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pressive strengths as may be noted from Table 8. The strength of the 
solid walls (Table 9) varied about as the cube root of these mortar 
cylinder strengths. Although this is by no means to be taken as an 
exact relationship, the ratio of average wall strength to cube root of 
dry mortar cylinder strength is more constant for the three mixtures 
of mortar than any other simple relation which was tried. 

The strengths of the mortar cylinders varied considerably from wall 
to wall with the same mixture, and only averages from a large number 
of cylinders can be said to have a significant value. In several of the 
groups of three walls which were alike in type of wall, mortar, work- 
manship, brick, curing conditions, etc., the difference in wall strength 
did not always follow in the same order as the differences in mortar 
cylinder strength. Furthermore, the increase in wall strength due to 
an increase in mortar strength was usually not as great with the 
Mississippi as with the stronger New England brick. 

An attempt was made to determine the difference in wall strength 
produced by the addition of a small amount of lime to a cement mor- 
tar. For this comparison the two groups of 8-inch solid walls of 
Chicago brick in series 2 were made. ‘Table 12 gives the results of 
these tests. 

There was no significant difference either in average wall strength 
or in average mortar cylinder strength. The values of wall strength 
for the two groups overlap, as may be seen from Table 9. 

In Table 13 are collected the results of the tests of the solid walls 
of series 2 for which the variables are kinds of brick and mortar. 

The increase due to difference in mortar is greater for the strong 
New England brick than for the other kinds. 

The ratio of the cube root of the dry mortar cylinder strengths 
(see Table 8) for the mortars of these walls is 1.38, a value within the 
range of variation of the wall strength ratios given in Table 13. 


TABLE 12.—Results of testis of walls with slight differences in the mortar mixtures 


[Wall type, 8-inch solid; brick, Chicago; series 2; workmanship, spread joints; curing conditions, ordinary.] 





Average mortar 
Average cylinder strength 
Wall Nos. Mortar proportions (by volume) wall D 2 aa 
strength | 

Wet Dry 








| Lbs./in.? | Lbs./in.2 | Lobs./in.* 
oR EE sce al 2 880 3, 050 2, 180 
163, 164, 165 355 3, 580 | 2, 350 
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the TaBLeE 13.—Results of tests of solid walls of series 2 

‘tar [Smooth spread mortar joints; ordinary curing conditions] 

; an CWA TSG “i 4 tie CN ee Ss Van wie) eens aes 
Average wall strength 

L of 








Type of wall Kind of brick Cement- | Cement Ratio 
lime 
Cc 

































vall (C-L) (C) EL 
ber 
Lbs./in.2 | Lbs./in.? 

the abate 250502. DS 910 1, 080 1.19 
Gindli Gis: Sogo 6 or eee tee { Mississippi. ..-....-..------ 1, 160 1, 380 1.19 
rk- \New US MEE Se 1, 790 2, 635 1.47 
PER se  ckeowoe 985 1, 210 1, 23 
th Sindh GUE voinsasasdascciasebaeo<apasand OS SS See 1, 300 | 1, 640 1. 26 
| Nts | See 1,890} 2,790 1. 48 
ar PR ot TEIN ois cla wa wane nign 1, 435 | 1, 625 1.13 
4inch CCONOMY - -...---------------------0% |New England.__..---------- 1,940| 3,145 1. 62 
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The effect of mortar on the strength of walls of different types is 
th shown graphically in Figures 33 and 34 for the walls built of Mississippi 
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, Ficure 33.—The differences in wall strength due to differences in mortar 
> for the walls of series 2 built of Mississippi brick 







> and New England brick, respectively. The numbers placed beside the 
| values for the cement mortar walls are the ratios of the wall strengths 
_ of cement mortar to those of cement-lime mortar. There appears to 
be no definite and consistent relation for the increase in strength due 
to the use of cement mortar, the increase being different from the 
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different types of walls and usually being less for the Mississippj 
than for the stronger New England brick. 


(g) THE EFFECT OF DAMP CURING ON THE COMPRESSIVE STRENGTH OF BRICK WALls 


One of the problems studied in this series of tests was to determine 
the effect of damp curing on the compressive strength of brick walls 
At the time these tests were outlined there was a more or less general 
opinion that walls kept damp for a time after they had been built 
would be stronger than others allowed to age without wetting. 
Cylinders of Portland cement mortar (size 2 by 4 inches) aged for 60 
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Figure 34.—The differences in wall strength due to differences in mortar 
for the walls of series 2 built of New England brick 


days in water are about twice as strong as those kept in air, as may be 
noted from Table 8, and, consequently, it might be expected that 
conditions which tend to keep the mortar in the wall moist would also 
tend to increase its strength and therefore increase the strength o! 
the wall. 

Some walls of series 2, built with cement mortar, were allowed to 
age in the laboratory under ordinary conditions. Other similar walls 
listed in Tables 1 and 9 as ‘‘wetted” were covered with burlap, as 
shown in Figure 15. The burlap was kept damp for one week after 
the walls had been built and was then removed. 

The results of these compressive tests of brick walls are given in 
Table 14. 
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of Sand-Lime-Brick Walls, by Whittemore and Stang. 
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It is seen from these data that there was no increase in the strength 
of the walls due to damp curing. Whether the same results would 
have been obtained on specimens built out of doors is, perhaps, open 
to question. 

Although the strength of small mortar cylinders is increased by 
keeping them wet, there are several reasons why much greater 
strength in the wet walls than in the dry ones would not be expected. 

In the first place, the failure in all of these walls laid in cement 
mortar occurred in the brick and not in the mortar. While walls 
similar in all respects, except as to mortar, will generally have the 
higher strengths with stronger mortars, the strength of the brick is 
probably the determining factor in wall strength when the mortars are 
of about the same strength. 


TABLE 14.—Effect of wetting on wall strength 


[Walls of series 2, cement mortar] 




















| | 
| Ratio of 
t Average | wall 
Type of wall | Kind of brick Wall Nos. Curing conditions wall |strengths, 
strength | wetted/ 
} ordinary 
| ao << 
‘ Lbs./in.? | 
ss ; i RT , 1. ay Sie rainery.......... 1 {se 
Sinch solid........-- - “Sf hae SRI Wetted............ 1, 055 | 0. 98 
a “ee ae | 28, 29, 30...--.---- Ordinary__...-.--- vt 
ae 4 ees 1, 105 | . 91 
my : Mississippi-_-- - eer Ordinary-.----.---- * 7s 
12-ineh solid....---.-.. ee | Wetted. ...- ee 1, 590 | 89 
eae mesand.....). 108, 104. 265 .s..1a.)- OrGinary...... 4... OOS lesccacccch. 
Fen ctokectact MN ass cace dscns | | Se aa 2, 510 . 89 
or ala 2 | ne oe | Ordinary... ----- i 
o-in¢ brace, Be Raia 2 py Ba, ee Eee 965 1,03 
zinch rolok-bek.... || New England 142, 143 ...-.-| Ordinary-_........ arp. ani 
ee : a 8 eee 8 eee 1, 325 | . 84 











In the second place, it has been found that an increase in mortar 
strength is accompanied by a relatively smaller increase in wall 
strength if the same quality of brick is used.’ Hence, a large increase 
in mortar strength is necessary to produce a notable increase in wall 
strength. This should not, however, be taken to mean that the 
mortar is not a very important factor in wall strength. 

It is probable, moreover, that the wetting of the walls did not in- 
crease greatly the strength of the mortar, for although the wetting 
would tend to retard the evaporation of moisture, the loss of mois- 
ture from the walls in dry storage proceeded at a slow rate. The 
moisture present in the brick and mortar at the time the walls were 
built evaporated at such a slow rate as to provide sufficient moisture 
at early ages for favorable curing conditions, since in all of these 





§ See data on wall strength and mortar strength in B. S, Tech. Paper No. 276, Compressive Strength 
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walls the brick were probably wetter when laid than is the case jp 
ordinary commercial practice. 

Finally, a few samples of the mortar taken from these walls after 
test were found to contain, on the average, about 8 per cent of mois. 
ture by weight. This damp condition would tend to decrease the 
strength of the brick and of the mortar and, consequently, the 
strength of the damp cured walls. There are no definite data to 
show how much the strength of either the mortar or the brick was 
changed by the indefinite or rather nonuniform moisture content of 
the walls after they had aged. Numerous tests ° have shown that 
Portland-cement mortars and concrete are considerably weakened 
when wetted just previous to testing. 

The strength of some bricks is decreased by moisture. Others do 
not appear to have their strength influenced by this condition. Table 
15 gives the compressive strengths of bricks used in this investiga- 
tion when tested fiatwise in the wet and dry condition, each value 
begin the average of 50 tests. The wet bricks had been immersed in 
water for 48 hours before test and were, of course, much wetter than 
were those in the walls at the time of test. 


TABLE 15.—Compressive strength of half brick wet and dry, flatwise 





Compressive 
strength 
Kind of brick 





Wet | Dry 





Lbs./in.2 | Lbs./in.? 
Detroit ade a ee ee a } 2, 520 | 3, 540 
Mississippi - -- - - . sonee's ; came : nal 3, 520 3, 410 
New England _-- ete ‘ ‘ . ‘ 6, 990 8, 600 








The values given in Table 15, purporting to show the effect of 
moisture on the compressive strength of brick, probably indicate a 
somewhat greater decrease in strength due to moisture than actually 
existed because of the wet plaster of Paris cap. All of the bricks 
were capped with plaster of Paris prior to testing and, since the 
strength of gypsum is greatly decreased by moisture,” the weakening 
of the caps may have affected the results. 

The Detroit and New €ngland bricks were considerably weaker 
when wet, while the strength of the Mississippi brick did not appear 
to be affected by moisture. The slightly low compressive value for 
these brick dry is probably due to the sampling error and not to any 
real difference in their compressive strengths when in different moist- 
ure conditions. Reference to Table 14, however, shows that the wet 


® Herbert J. Gilkey, The Effect of Varied Curing Conditions Upon the Compressive Strength of Mortar 
and Concrete, Proc. Am. Concrete Inst., 22; 1926. 

10 W. A. Slater, Some Structural Properties of Gypsum and of Reinforced Gypsum, Trans. Ill. Acad. 
Bei., 9. 
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walls built of Detroit and New England bricks were only a little 


. weaker relative to the companion dry walls. than those built of 
Mississippi brick, the average ratios being 0.905 for the Detroit and 

. New England and 0.960 for the Mississippi bricks. 

“i Thus we have opposing effects which tend to keep the wall strength 

™ constant as between damp cured and dry walls. The dampness 

» may tend to produce a stronger mortar, but the moisture present in 

? the brick at the time of test weakens the wall. 

ie It seems reasonable, then, to suppose that brick walls built with 

. strong cement mortar and fairly wet brick will be as strong when 

: aged in air for 60 days as they will be if they are kept damp for a 


short time after construction. 


(h) THE EFFECT OF THE QUALITY OF WORKMANSHIP ON WALL STRENGTH 
































The workmanship typical of each of the two masons who built 
these brick walls has already been described in some detail and may 
be summarized as follows: 

For walls of series 1, relatively high rate of laying brick, absence of 
mortar in the longitudinal vertical joints, and pronounced furrowing in 
the horizontal mortar beds; for walls of series 2,slowrateoflaying brick, 
careful filling of the vertical joints, and smooth spread bed joints. 

In Table 16 are listed those walls which show the effect of differ- 
ences in workmanship. For the 8-inch solid walls of Chicago brick, 
the average thickness of the mortar joints was almost the same for 
both groups, and the 30 per cent increase in strength for the walls of 
series 2 must be attributed to the differences in workmanship. 

The important differences as far as they could be observed consisted 
of the absence of furrowing of the horizontal mortar joints in series 
2 and the better filling of the vertical joints. With the Mississippi 
brick, wall 155 of series 1 had exceptionally thick mortar joints 
(0.73 inch), and it may be that the greater strength of walls 37, 
38, and 39, of 59 per cent, was due to their having thinner joints. 
The absence of furrowing and the filling of the vertical joints ap- 
» parently made the 8-inch solid walls of New England brick and the 
12-inch solid walls of Chicago brick of series 2 decidedly stronger 
than the companion walls of series 1. 

The large increases in strength for the hollow walls of series 2 over 
the strengths of walls of series 1 was unexpected. It was supposed 
» that the use of brick on edge in the construction of the hollow walls 
' would not permit furrowing. However, demolition of these walls 
' after testing showed that the mason furrowed the horizontal mortar 
bed on the narrow edge of the brick as consistently as on the regular 
solid construction. The furrow was continuous throughout the 
entire length of the mortar bed, but was broken up in much the same 
manner as were the furrows in the solid walls as shown in Figure 7. 
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The uneven and irregular bedding probably produced bending 
stresses in the bricks, which caused local concentrations of load and 
resulted in failure at lower loads than would have been the case with 
more even joints. 


TaBLe 16.—Result of tests of brick walls with variations in workmanship 


{Cement mortar throughout] 





Series 1 (furrowed joints) Series 2 (spread joints) 





———, 


Tncrease 
y | A verage Average In wall 
—_— thickness} Wall | Wall| thickness] Wall | Strength, 
of mortar | strength | No. | of mortar] strength Phe les 2 

joints joints 0 series] 




















Inch Lbs. fin’ Lbs./in.? | Per cent 

f ik 0. 56 .¢ 800 
Chicago......-.-}{ 14 . 56 5 j of 870 
5 . 57 58 j2 . 55 965 





Average..-|_....- . 56 965 _ _ 880 
ue .62| 1,335 |. 
Mississippi_.--__- 5E aS 3! 4 1; 405 De antiiac! 
8-inch solid. aa : . 1, 405 . 

Average.-. 








New England_-- 
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These comparisons of strengths of hollow walls lead to the belief 
that full spread horizontal mortar beds without furrowing are more 
important from a strength standpoint than the complete filling of 
vertical joints. In the hollow walls the longitudinal space between 
the rowlock wythes, of course, contained no mortar, and differences 
in strength were, therefore, almost entirely due to differences in the 
horizontal mortar beds. 

The apparent effect of furrowing and unfilled vertical joints on wall 
strength is strikingly brought out by a comparison of the strengths 
of walls 155 and 159, as shown in Table 17. Both walls were built 
by the mason of series 1. Although wall 159, with no furrowing in 
the mortar beds, was built at an exceptionally fast rate, its strength 
was 70 per cent greater than that of wall 155 with the typical furrows. 
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\TaBLE 17.—Effect of furrowing and unfilled vertical joints in walls of series 1 


[Type of wall, 8-inch solid; mortar, cement; brick, Mississippi] 








| Average 
| thickness} Wall 
| of mortar strength 
| joint 


Brick 
Workmanship (type of bed joints) Wall No. | laid per 
| hour 





ou Inch | Lbs.jin.3 
Furrowed ‘ : 0. 73 870 
Spread, no furrowing ‘ . ; : 59 | 264 6: 1, 480 


1,70 











The rate of laying wall 159, as given in Tables 3 and 17, and the 
' statement of the mason who built the walls of series 2 show that 
spreading the mortar bed without furrowing does not reduce the rate 
| of laying brick. The comparative results given in Tables 16 and 17 
‘show the remarkable increase in strength obtained by the better 
filling of the mortar joints. It is believed that the realization of the 
importance of having smooth and level horizontal mortar beds in a 
brick wall is the most important conclusion of these tests. This con- 
struction practice, which apparently involves no increase in labor 
cost, but which results in a very significant increase in strength, is 
strongly recommended to builders of masonry structures. 

A comparison of “‘spread’”’ and ‘“‘shoved”’ workmanship for walls of 
series 2 is afforded in Table 18. Wall 18 of Chicago brick and 
“shoved”? workmanship had thinner mortar joints than did the com- 
panion walls 166 and 167 built of the same kind of brick with the full 
spread joints of series 2. In the three groups listed in Table 18 the 
walls of Chicago brick constitute the only group for which the 
“shoved’’ workmanship was superior to the other. The table shows 
that shoved work introduces no improvement in strength over the 
spread and fully slushed joint workmanship which was typical of 
series 2. 

7) 


TaBLe 18.—Comparison of ‘‘spread’”’ with “‘shoved’’ joints for walls of series 2 


| Ratio of 
; | Wall 
| Average | Average - —— 
wy +, |thickness| Wall r +, |thickness}| Wa ‘shoved”’ 
Wall No. | of mortar | strength Wall No. of mortar | strength to 
joint joint “‘spread”’ 


(Type of walls, 12-inch solid; mortar, cement] 


“Spread”’ joints | “Shoved”’ joints 





Kind of brick 








Inch Lbs./in.? ch Lbs./in.? 
Chicac 890 . 31 
hicago i . "4 1, 080 





Average “a 985 
, 710 


Mississippi ee , 855 
, 350 |- 








Average 
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Reference has been made several times to the thickness of the 
mortar joints as having a possible effect on wall strength. Although 
this investigation was not planned with a view to having thickness 
of mortar joint a variable for the walls, Table 3 shows that some 
variation did exist. A study of the data for the single walls shoys 
that joint thickness was by no means a controlling factor in strength 
for the hollow walls. The thickness of the beds in the groups of 
solid walls of series 1 was practically uniform from wall to wall and 
the results of these tests throw no light on this subject. 

The thickness of the mortar joints and the wall strength are given 
in Table 19 for 18 groups of solid walls of series 2 built with com- 
parable workmanship and aged under ordinary conditions. The 
walls of each group have been arranged in the order of wall strengths, 
and it might be expected that the wall having the least thickness of 
mortar joint would have the greatest strength.’ In the column des- 
ignated “‘order” of this table those groups have been classed as 
“regular,” for which increase in joint thickness is accompanied by 
decreases in wall strength, as ‘‘reverse,”’ if increase in joint thickness 
is accompanied by increase in wall strength, and as “‘irregular”’ for 
the others which follow neither of these classifications entirely. 


TABLE 19.—Effect of thickness of mortar joints on strength of solid walls of series 2 


A. CEMENT-LIME MORTAR 





| 
Averng ge 

sain aa : + T§ thickness Wall 

L'ype of wall Kind of brick i oe strength Order 


joint 








”, a | im. —_ | 
) 


{ Detroit a ‘ pe | 
: 44 





Regular, 


700 
| . 40 | : 340 | 
8-inch solid . } Mississippi 12 35 . 44 | 

‘ . 56 | 965 


Do. 


= ; ; we 2 , 875 
(New England 4 «Oe , 785 
) : , 710 


Irregular. 





Sf 3 , 050 
| I  octekaiceea eennemanen 4 2 » 44 — 


| 
| 
{ 

Se eee ee Fee ij Mississippi_...........- 
| 
| 
I New England 
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Do. 


~I 
zs 


cian 


Do. 


— i 


Noow 
Le: 


3 
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Regular. 


eae 
me en 
on 


| 
|{ Mississippi 
| 

4-inch economy ..........--..---..-- 4 


4 


Irregular. 
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= eo ow 
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on 


|New England Do. 


| 
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=| 
| 
33 | 
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Taste 19.—Lffect of thickness of mortar joints on strength of solid walls of series 2— 
Continued 






B. CEMENT MORTAR 














































me pene a iM ae i a2 
WS | wall [ee | want | 
‘nt ; } 7 be a ickness | a } 
th Type of wall Kind of brick | No. |ofmortar| strength | Order 
, | cme | 
of _ maine | | 
Inch Lbs./in.? | 
nd | 
| 162 0. 55 65 
RII cae dnne au aon cwalt . 59 nem 
| { 160 . 57 
en 
164 . 57 925 h 
n- a ee Se ee ee + 163 . 62 885 — 
{ 165 . 66 755 | 
he 
22 1, 305 
1S, 8-inch solid....-..---. Dee | er ree +4 24 . 43 Lo Irregular. 
} 23 40 895 1 
of | |, 
‘ 44 1, 405 L 
1S | Mississippi_............-..|} 39 .40 1, 405 |} 
37 52 1, 335 " 
as | 
98 22 2, 950 
Vv i{ New England.-...-....----|4 99 Kt 2,915 |}Regular. 
= 97 . 36 2, 040 J 
SS 
J [2 .37 1, 345 
or | ee ee ee 12 28 "39 1, 165 Do. 
i || 30 41 1, 115 
! Hi 
( 44] Ot 1, 855 | h 
De ee aaa ee { Missiesinnl..............- { 43 | 51 1, 710 |}Irregular. 
9 | 45 | . 42 1, 350 
( 104 | .23} 3,230 | 
(Now England.-.......-.-- ; 105 | . 23 2, 695 |}Regular. 
, { 108 | . 28 2, 440 | 
| fi gf | 46 1, 875 | 
|(Mississippi...............- 3 91 44 1, 650 | Reverse. 
i | ge 41} 1,350 | 
‘ing ene. o2 bas ee se 4 } 
lf ( 152 | .29] 3,520 }) 
- |(\New England.......-..-- { 153 | . 23 3, 160 | }Irregular. 
| 151 . 35 2, 755 1 








If there is only a chance relation between joint thickness and wall 
strength, it would be expected that the ‘‘regular’’ and the ‘‘reverse”’ 
order would each occur three times in the 18 groups. The table 
shows that, of the 18 groups, 7 are regular, or two and one-third times 
as many as would be expected from a chance distribution. Only one 
reverse group is present instead of the three to be expected. The 
tendency is therefore for walls with thin joints to have somewhat 
higher strengths, although it has been impossible to find a definite 
relationship between these two factors. 









(i) THE RELATION OF STRESS AT FIRST CRACK TO MAXIMUM STRESS 






Table 20 gives the ratio of the stress at first crack to the maxi- 
mum stress for the walls of series 1 with furrowed joints and for those 
of series 2 with full-spread joints which were cured under ordinary 
conditions, 

| — For the solid walls of series 1 it appears that these ratios become 
greater as the strength of the mortar increases. The average ratio 
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for the Chicago brick walls of series 2 built with cement and cement. 
lime mortars is greater than for those of series 1 built with the same 
mortars. 

The solid walls of Detroit and of New England brick, both of 
which had frogs, had initial signs of failure at considerably lower 
ratios than for the solid walls of the other kinds of brick. Whether 
this relatively low initial failure is due in part to the presence of the 
frog in these bricks and to the fact that they were more irregular iy 
size and shape than the Chicago and Mississippi bricks is unknown, 


TABLE 20.—Relation of stress at first crack to wall strength 


[Ordinary curing conditions] 


| 








Stress at 
Number | first 
Desription of groups compared of walls | crack/ 
averaged | wall 
| Strength 
| 
Series 1 (furrowed joints): Ratio 
Reeee-aaerter Walm, Chicaee OFICK...........-226..- 2 enn ec cwcsces te SL tee ar ee 6 0.71 
Cement-lime mortar walls, Chicago brick. ---...--...--..------..---------- — 6 | 8 
Cement mortar walls, Chicago brick Ap ARNE Ai ee tl ee a ssihteces seek andecrecdt hase ate 5 | 4 
All walls, Chicago Sint EE, RRR RE CES CTE 17 uf 
Series 2 (full spread joints): | 
Solid walls of Chicago brick_- te Su sane escmneatinete 8 ¥ 
Solid walls of Detroit brick_- ; oe Bis cutis iba cee rae | 12 . 64 
Solid walls of Mississippi brick_.._-. = ee ‘ chuiatb acai } 18 92 
Solid walis of New England brick_._--- biapascllse 2 asaaitaie dat 18 68 
Solid walls. Rt SoS 28 IS, AEN pe RO : Se pe a eae! 56 
All-rolok walls_- CE Sree epee SPOS Sere eee ere 24 
All-rolok in Flemish bond walls__..------------- Ee ee at Ee 24 
Rolok-bak walls.._..........--- I ea a re ee a | 24 
Walls of Mississippi brick__....-- eiieonsaes ES RR RE ag tS a 54 % 
Walls of New England brick__...-....-...--- unease eres ‘ ROOT 54 67 
Wr ne ey aes CONIONNE FIND MINTER. «<= a nnn ne cco cwccccc ce cnnns ee 60 2 
Walls built with cement mortar_..............------ EE RA OS EERE 68 2B 








Table 20 shows that the solid walls had a somewhat higher ratio 
between stress at first crack and maximum stress than the hollow 
walls. The ratios were about the same for the different types of 
hollow walls. 

The walls of series 2 built with cement mortar had a higher ratio 
than those built with cement-lime mortar, the relative values being 
much the same as for walls of series 1. 

It is evident from a study of Table 20 that the relation of stress at 
first crack to wall strength is not a constant, but varies with many of 
the conditions that affect wall strength. 


4. WALLETTES 


The results of the compressive tests of the wallettes are given in 
Table 21. The wallettes were built by the same mason and cured 
under the same conditions as the walls of the corresponding number. 
Most of the wallettes were built either on the same day as the walls 
or on the day after. 
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The area of the wallettes was taken as the product of the average 
thickness of the wallette by the minimum length. Figure 18 shows 
that in small specimens, with the brick clipped as little as possible, 
the length of the wallette may vary considerable from course to course. 


| The values of wallette strength given in Table 21 are therefore based 


on minimum gross areas for the hollow as well as for the solid wallettes. 
The compressive strength of the wallettes varied with the physical 


: properties of the brick, with the type of construction, with the mortar, 


curing conditions, and workmanship very much as did the wall 


strengths. 
The variation in strength from wallette to wallette in any group 


' was much less for the specimens of series 1 than of series 2. The 
' mason who built the specimens of series 2 did not seem to like to 


build the small walls and on several occasions had to be told to use 
as much care on them as he used on the larger specimens. The 


| average fractional deviation of the strength values within a given 
| group from the average was for the wallettes of series 1, 0.04, and 


for those of series 2 it amounted to 0.13. In drawing conclusions 


| from the tests of series 2 it is therefore to be remembered that rela- 
' tively large variations have occurred in many of the groups. 


The differences in strength due to differences in the kind of brick 


' are found only for the wallettes of series 2. All bricks for the wallettes 
' of series 2 were soft-mud or dry-press bricks, except in the wallette 18 
| of Chicago brick. In all cases where groups of solid wallettes differing 
| onlyin the kind of brick arecompared, the New England specimens were 

strongest, followed in order by those of Mississippi and of Detroit brick. 


As with the larger walls, the solid wallettes were stronger, based on 


| gross area, than were any of the hollow types. The strengths based 
' on net area were nearly the same irrespective of the type of 
' construction for wallettes built of Mississippi brick and, while not so 


uniform for the wallettes of New England brick, were much more 
constant than for the walls previously discussed. 

Table 22 shows the relative strength of the different types of walls 
and wallettes, the strongest being listed at the top in each group and 
the others in the order of their strengths. In six of the eight wall 
groups the types rank solid, rolok-bak, all-rolok, and all-rolok in 
Flemish bond, and in the two cases where this order does not hold 
the inversions are due to relatively small differences in strength—less 
than 100 Ibs./in.2. From the wallette tests, however, this arrange- 
ment in the order for the strengths of the different types would not be 
evident. In fact, only two groups of wallettes show this same order 
while four wallette groups rank—solid, all-rolok in Flemish bond, 
rolok-bak, and all-rolok. The fact that the solid wallettes were 
stronger than any of the hollow types shows, however, that larger 
strength differences are readily recognized from wallette tests. 
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TaBLE 22.—Relative strength of different types of walls and wallettes 





Strength rank 





Wall thickness Mortar Mississippi | New E nels md 





Wallette Wall | Wallets 
oe 
Sold... ---. Solid 
ae olok-ba A ee . <-bak-.-.....} All-rolok. 
Cement-lime-..- All-rolok Rolok-bak, 
A.r. F. b, 
s Solid. 
Ato Rolok-bak, 





All-rolok 
Av, we oF. Be Ant. 3. Og 


Rolok-bak _ 
~|) All-rolok A.r. F, t 
A.r. F. b _| All-rolok 
i Solid j 
Rolok-bak Rolok-bak _ -| Rolok- bak. 
All-rolok BS, Bs. Dine cvunst Bak. Bid, 
A , All- rolok See beuey | All-rolok. 


A.r. F. b.=all seus in Flemish bond. 





Solid Soli Soli Solid. 
A. .¥. b me ts ¥ 

















For the solid wallettes the results given in Table 21 show thas the 
mortar had about the same effect on wallette strength as on wall 
strength. The lime-mortar specimens were weakest and the cement- 
mortar specimens strongest for all groups of solid wallettes which 
differed only in the mortar mixtures used. 

Keeping the wallettes damp for seven days after construction did 
not make them stronger than similar specimens cured under ordinary 
conditions except for the group for 12-inch rolok-bak wallettes of 
New England brick (Table 23). Specimens 142 and 143, cured under 
ordinary conditions, had an average strength of 1,755 lbs./in.’, while 
the similar wallettes, 145 and 146, which were damp cured, had a 
strength of 2,320 lbs./in.*.. In the other five comparable groups the 
ratio of wallette strengths, damp cured to ordinary, ranged from 
0.64 for the 8-inch solid wallettes of Detroit brick to 0.99 for the 
12-inch solid specimens of Mississippi brick. 


TABLE 23.—Effect of wetting on wallette strength 


[Wallettes of series 2, cement mortar] 








wallette 
strength 


Wallette Curing | Average 
‘ | 


Type of walette Kind of brick dentition 





; Lbs./in.? 
8-inch solid 2 q Ordinary..--| 1, 350 
33 Wetted -_-_-_-| 865 |...- 


Ordinary-.-. 1, 335 87 
. Wetted ____. 1, 165 }..-.- 
12-inch solid Mississippi Ordinary-___- 1, 890 
| Wetted____- 1, 865 
\New England 3, Ordinary..-_- 3, 330 
| Wetted_-_-__- 8, 075 





Ordinary... . 905 
Wetted- 815 


New England.....{143 Md------] Qrdinary..-| 1,788 


{ Mississippi__...._. 
12-inch rolok-bak (heavy-duty) ___. 
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The only comparison due to difference in the workmanship is 
between wallette 18 of series 2 built with shoved workmanship and 
wallettes 16 and 17 of series 1 with the typical furrowed joint work- 
manship of this series. The relative strengths are as 1,190 is to 755, 
siving an increase in strength with shoved joints of 58 per cent over 
that obtained with furrowed joints. 

A study of the relation between stress at first crack and wallette 
strength shows that the same conclusions may be drawn as from the 
wall tests. The main difference between the wall and wallette results 
is that the hollow wallettes had considerably lower ratio of stress at 
first crack to final strength than was found from the wall tests. 

The lowering of the ratio for strength at first crack to ultimate 
strength of hollow wallettes is brought about not by the strength at 
first crack being low, but by the ultimate strength. being high as 
compared with the corresponding hollow walls. The difference in 
behavior of ‘hollow walls and wallettes is apparently explainable 
by considering the relative slenderness ratios of the withes when the 
connecting headers are broken. For hollow walls (all-rolok or all- 
rolok in Flemish bond) when the headers are broken, there results 
two unsupported sections 9 feet high by 2% inches thick. Through 
column action these collapse. The wallettes, however, give sections 
34 inches by 2}, inches. This gives a slenderness ratio so low that 
column action does not take place and the load increases to the point 
where crushing of the brick results. The values for slenderness ratios 
(i/r) for wall and wallette sections (108 inches by 2% inches and 
34 inches by 2% inches) are 166 and 52.4, respectively. 

Table 24 gives average values of the ratio of wall strength to wal- 
lette strength. These values show that the ratio (for the solid speci- 
mens for series 2) becomes less as stronger brick are used. In other 
words, the use of strong brick gives a greater increase in wallette 
strength than in wall strength. 

In Figure 35 are plotted the solid wall strengths against the solid 
wallette strengths for each group in both series for which direct 
comparisons can be made. The average ratio from Table 24, repre- 
sented by the diagonal line in the figure, of the wall strength to the 
wallette strength is 0.86, but the plotted points indicate the trend 
toward proportionately greater wallette strength for the stronger 
specimens. The ratio for the solid and rolok-bak specimens is greater 
than for those types in which all the withes are laid on edge. 

The average values of the ratio of wall strength to wallette strength 
are about the same when the specimens are laid in cement-lime mortar 
as in cement mortar. 
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TABLE 24.—Relation of wall to wallette strengths 





sats Wall st 
Description of groups compared Wallette see 








| 
Average for all solid specimens of both series__.___.__....__.........---.-.-.....---- | 
Series 2: } 
Solid specimens of Detroit brick 
Solid specimens of Mississippi brick 
Solid specimens of New England brick - 
Solid specimens 


All-rolok specimens - 

All-rolok in Flemish bond specimens - 
Rolok-bak specimens 

Specimens laid in cement-lime mortar 
Specimens laid in cement mortar 





In general, then, it may be stated that solid wallette strengths are 
affected by differences in brick, mortar, curing conditions, and work- 
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FicureE 35.—Relation of wall to wallette strengths for solid specimens 


manship in very much the same way as are solid wall strengths. In 
fact, the general tendencies of strength changes for the hollow speci- 
mens are also indicated by wallette strengths. For the hollow spec 
mens the relation between the strengths of the wallettes and the walls 
is not as well defined, but the wallette strengths may serve as a meas- 
ure of the strengths of both types of walls. 
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5, RELATIONS BETWEEN THE STRENGTHS OF THE WALLS AND THE 
STRENGTHS OF THE BRICKS AND WALLETTES 


The object of the tests of these brick walls was to find, if possible, 
some strength property of the bricks or of smaller walls which will 
be a measure of the strength of the solid walls. The ratios of the 
compressive strengths of the walls to the various properties of the 
bricks and to the compressive strengths of the wallettes are given 
in Table 25. This table is divided into seven groups, in each group 
of which the variable is the kind of brick. The ratio of wall strength 
to brick or wallette strength, of course, varies from group to group 
because of differences in mortar or in workmanship, but in any one 
group that ratio is the best measure of wall strength which is most 
nearly constant for the different kinds of bricks. A measure of the 
constancy of this ratio is given by dividing the mean deviation of 
the separate ratios by the mean of the ratios in a group. The smaller 
this value is the better this property of the brick serves as a measure 
of wall strength. Actually the magnitudes of the deviations of these 
ratios from their mean are measures of the degree to which the values 
' for wall strength deviate from a linear relation with the particular 
| brick strength to which they refer. If a much wider range in brick 
strengths had been involved, it is possible that the determination 
of the properties of brick which were the most consistent measures 
of wall strength should be based upon the consistency of the data 


| with respect to a more general form of relationship that might not 
| necessarily be linear. 
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For the range in strengths found in these tests, however, it is 
believed that the basis of comparison used does not involve errors 


) sufficiently large to affect the conclusions stated. 


The walls of series 1, which were built of Chicago brick, are directly 
comparable to the sand-lime brick walls (see footnote 6, p. 518) which 
had previously been tested at the Bureau of Standards. These 
comparisons are given in groups A, B, and E for the different mortars. 
The ratios for compressive strength of half brick flatwise, shearing 
strength, and wallette strength are more constant than for the other 
brick strength ratios." 

In groups C, D, and G, where the bricks are all molded, the ratio ° 
of wall strength to modulus of rupture flatwise is the most constant 
of all the brick-strength ratios, and this would also be true for groups 
E and F if the end-cut Chicago bricks were excluded. 

For the latter, the transverse strength is high in comparison with 


I the compressive strength (Table 7), and with this brick the wall 


strength was quite apparently determined more by the compressive 
strength than the other. 

The weighted averages of the mean deviations divided by the mean, 
calculated by giving the value for each group a weight proportional to 


the number of ratios in that group, are also given in Table 25 for the 


different ratios. A comparison of these weighted average values 
shows that the shearing strength appears to be the best brick-strength 
property for predicting the strength of the wall. It must be pointed 
out, however, that the values given in Table 6 for shearing strength 


represent only a small number of samples as compared to the other 


brick-strength values and that the shearing tests were made on 
specimens which differed in thickness. 

The compressive strength of the half brick flatwise is the next best 
measure of wall strength after the shearing strength, for its mean 
deviation divided by mean of 0.14 is considerably less than for the 
compressive strength edgewise, modulus of rupture, or tensile 
strength. 

On the average, however, the compressive strength of the wallettes 
is by far the most consistent value for determining wall strengths. 








"In the paper by J. W. McBurney entitled “‘ The Effect of Strength of Brick on Compressive Strength 
of Brick Masonry,’”’ Proc, Am. Soc. Testing Materials, 28, Pt. II, p. 605, 1928, somewhat similar compar- 
isons were made, but the conclusion was drawn that the compressive strength (flatwise) of the bricks was 
the most consistent measure of the strength of the walls. Because of an error in calculations, which was 
discovered after that paper had been published, the values given for the shearing strengths for all bricks 
except the sand-lime were double the true values, and for this reason, the strengths of the bricks in shear 
was not found to be closely related to the strength of the walls. The values given in McBurney’s paper 
for the other strength properties of the bricks differ slightly in some cases from those given in the present 
paper. This, however, is due to the fact that, in the previous paper, a study was made of methods of 
sampling and some of the values given were the averages of more than one sample, whereas those given 
in the present paper are the results of tests of samples selected specifically for the investigation reported 
herein. Had there been no error in the data on the shearing strength of the bricks, there would have been 
No essential difference in the numerical data of the two reports. 
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The mean deviation divided by the mean value is consistently low fo; 
each of the five groups as well as having a weighted average value 
of only about half that of the best brick-strength property. 

A large number of testing machines are now available in the United 
States which may be used for wallette tests. The tests of wallettes 
built of the brick to be used and laid in the mortar mixture specified 
can confidently be expected to give strength values which will seldom 
exceed the strength of a large wall by as much as 25 per cent. The 
prediction of wall strength from any brick strength value appears to 
be very uncertain because of differences in the method of manufac. 
ture of the brick and because different factors must be used for differ. 
ent mortars and workmanships. 

Table 26 gives the relation between wall stress at first crack and 
the various strength properties of the bricks and to the strength of 
the wallettes. The weighted average values of mean deviation to 
mean show that the wallette strength is a better measure of wall 
stress at first crack than are any of the brick strengths. Of the 
brick strengths the shearing strength was the most consistent measure 
and there was no important difference in the consistencies obtained 
for the other strength properties. 
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V. CONCLUSIONS 


The results of these compressive tests of 168 walls and of i929 
wallettes, built of 4 kinds of common brick laid in 3 mortar mixtures, 
with 10 types of wall construction, with differences in workmanship 
and in curing conditions lead to the following conclusions: 

1. The average strengths of solid walls built of end-cut Chicago 
brick (average compressive strength of half bricks flatwise, 3,289 
lbs./in.?) were as follows: 

Lime mortar walls, 287 lbs./in.?. 


Cement-lime mortar walls, 587 |bs./in.?. 
Cement mortar walls, 661 Ibs./in.?. 


A contract for building these walls was let, on a lump-sum basis, 
to a brick mason who specialized in small contracts. The work was 
done without supervision and was characterized by absence of mortar 
in the longitudinal vertical joints and deep furrowing of the horizontal 
beds. 

2. With carefully supervised workmanship, the average strengths of 
solid walls, which were built by another mason hired by the day 
without regard to output and which had completely filled vertical 
joints and smooth spread horizontal mortar beds, were as follows: 





Average compressive 
Compressive] Strength of solid walls 
- . strength of | 
Kind of brick half brick, <5 
flatwise lime 
mortar 
| Lbs./in,2 Dhs./in.? Lhs./ina 
Chicago - ee ee ’ . F 3, 280 805 
Detroit -_ ‘ . : an 3, 540 94! 1, 145 
Mississippi on 300 1, 550 
New England 


Cement 
mortar 











2, 855 





3. The strengths of the solid walls were moré closely related to the 
shearing strength of the bricks than to any other strength property 
measured. The compressive strength of the half bricks flatwise 
appeared to be the next best measure and was better than the com- 
pressive strength on edge, the modulus of rupture, or the tensile 
strength of the bricks. 

4. On the average, the compressive strength of the wallettes was 
by far a more consistent measure of the strength of the walls than any 
of the brick strength values. In predicting wall strengths from brick 
strengths, effects of mortar and workmanship must be taken into 
account, while from wallette strengths only a single value need be 
determined. These tests show that the average strength of the walls 
was from about 60 to 90 per cent of the average wallette strength. 

5. The strength of the solid walls, which were built by contract, 
varied about as the cube root of the compressive strength of the mor- 
tar cylinders (2 inches in diameter and 4 inches long) which were made 
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from the mortar of the walls and cured under the same conditions. 
For the solid walls, built under careful supervision, the increase in 
strength for cement-mortar walls over those laid in cement-lime mor- 
tar was about 20 per cent for walls of Detroit and Mississippi brick 
and about 50 per cent for walls of New England brick, while the aver- 
age ratio of the cube roots of the mortar cylinder strengths (cement 
and cement-lime mortars) was 1.38. 

6. With brick the cross sections of which closely approximated 
rectangles the strengths of the hollow walls varied about as the net 
areas in compression. When the brick were warped, the strength 
of the hollow walls was found to be less than that expected from the 
net area. 

7. Construction data show that there is a saving in materials and 
in time for hollow walls of brick as compared with solid walls. 

8. The condition of the horizontal mortar beds in the walls affected 
the wall strength. Walls in which the beds were smooth were stronger 
than walls in which the mortar beds were furrowed by from 24 to 109 
per cent. 

9. Walls laid in cement mortar and kept damp for seven days 
after construction were not stronger at the age of 60 days than 
similar walls cured in the laboratory under ordinary conditions. 

10. The results of the wallette tests, in which the same variables 
occurred as in the larger walls, lead in general to the conclusions 
deduced from the wall tests. 


VI. APPENDIX 
1. REPORTS ON WORKMANSHIP 


It will be observed that no opinions have been offered in the paper as 
to the grading or classification of the two types of workmanship used. 
3 It was made a regular procedure to ask the opinions of such architects, 
| engineers, and contractors who visited the bureau during the progress 
of this work as to their grading of the workmanship. The opinions 
expressed were quite variable. The only conclusion warranted was 
that the workmanship used in different parts of the country varied. 
| However, in the original program for these tests provision was 

made for inspection by three different bodies—the American Institute 
5 of Architects, the Supervising Architect’s Office of the Treasury De- 
| partment, and the International Bricklayers, Masons and Plasterers’ 


Union. 

The American Institute of Architects designated A. L. Harris, munic- 
ipal architect for the District of Columbia. J. W. Ginder represented 
) the Supervising Architect’s Office. No report was received from the 
| International Bricklayers, Masons and Plasterers’ Union. 

| Their reports, in so far as they deal with workmanship, are here 
reproduced. 


69882°—29.—_—.5 
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(a) COMMENTS BY J. W. GINDER 


[Vol.$ 


The physical characteristics of the units employed, the morta 
mixtures, the strengths developed, and the technical deductions 
having been fully covered by others, the following comments arp 
intended to bear only upon the practical aspect of the investigation, 

Considering first the manner in which the test units were cop. 
structed: Series No. 1 was performed under contract with a mason 
who also performed the work, so that his every incentive both as , 
contractor and workman was to complete the work in as short 
time as was consistent with obtaining acceptable results. The work 
was without supervision, except as understood in the preparation of 
mortar and in the laying up of one wall, so that the mason was free to 
adopt those methods which appeared to best serve his own interests, 

This, it is understood, was one of the purposes of this line of pro- 
cedure. The resulting work was characterized, as shown by sub- 
sequent tests, by furrowing of the mortar beds, the almost complete 
absence of mortar in the vertical longitudinal joints, and only such 
mortar in the end joints as was forced in by the ‘‘shoving”’ process of 
bedding and by depositing the subsequent mortar bed. 

All circumstances considered, I believe that this very closely 
approximates the quality of work generally obtained in commercial 
construction, where close supervision is not to be expected and the 
most cogent consideration is economy. 

Series No. 2, being built by day labor, exactly the opposite incentive 
was provided, and it was to the interest of the mason to work deliber- 
ately and to prolong the job, in addition to which, it is understood 
that he was instructed, except in certain instances, to eliminate shov- 
ing, that furrowing the beds was prohibited, and that he was to use 
his best workmanship. 

Under these instructions he carefully leveled the beds and slushed 
all joints full. The subsequent tests showed the wall sections laid 
up by him to be without voids, and in every way, so far as workman- 
ship was concerned, to be of the highest type for common brickwork. 

I believe that such work as of the type which could be expected 
only under a definite specification, followed by careful supervision, 
such as would obtain for a high-class public or private structure, 
where considerations of cost were more or less subordinate. 

It should be noted, however, that neither mason was under any 
restriction as to the thickness of bed to be maintained. I believe 
that if such a restriction had been imposed, say to a half inch or under, 
that much of the work performed under series No. 1 might have been 
of better character with regard to bedding, in that ‘tapping home” 
the brick to a reasonably narrow point would have tended to more 
completely eliminate the furrow in the bed. 
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As to the curing of the walls, it is noted that no increase in strength 
was found as a result of damp curing where this was employed, in 
contrast with those units which were cured in the laboratory under 
ordinary conditions. 

| believe that owing to the saturation of the brick prior to laying 
and the subsequent protection of the walls from the direct heat of 
the sun, that all walls were in reality damp cured, the difference being 
one of degree only, and that if the damp-cured walls were placed in 
comparison with others laid up under ordinary conditions of outside 
exposure, a difference in favor of the damp curing might be found. 

This theory would seem to be supported to some extent at least by 
the demonstrated increase in strength of damp-cured mortars over 
others not so treated. 


(b) COMMENTS BY A. L. HARRIS 


The walls were laid up in different kinds of mortar and erected by 
two different mechanics, one of whom laid the bricks to conform with 
the highest standards of bricklaying, the other laying the bricks 
according to ordinary every-day methods common to investment 
building and ordinary commercial work. 

The brickwork done by the first mechanic was characterized by 
deep scoring of the mortar bed with the trowel, buttering a portion 
of the header only, and the omission of mortar in the center of the 
walls, except that which is forced into the joints by bedding the 
brick in the mortar. This gave a very porous or cellular construction 
to the interior of the wall and was comparable to the kind of brick- 
work found in ordinary investment and commercial work. 

The brickwork done by the second mechanic was characterized by 
smooth, level bed joints, buttering the entire end of the header and 
slushing full all vertical interior joints, making a job comparable with 
what is known as ‘‘solid construction.” 

The class of workmanship in the walls built by the second mechanic 
(series 2) compares favorably with that obtained by the District of 


; Columbia in its building contracts. The specifications prepared in 
} the municipal architect’s office call for all brickwork to be executed 
} with hard-burned red bricks laid in 1 to 3 Portland cement mortar, 





to which is added hydrated lime not to exceed 15 per cent of the vol- 


» une of the cement. The brickwork is laid solid throughout, slushing 
; all joints full. The bricks in the interior of the wall are shoved up 
' ina full bed of mortar. This work is inspected by a superintendent 


of construction, who is constantly on the job during working hours. 


Wasuineton, May 11, 1928. 
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DETERMINATION OF MANGANESE IN STEEL AND IRON 
BY THE PERSULPHATE-ARSENITE METHOD 


By H. A. Bright and C. P. Larrabee 


ABSTRACT 


The advantage of using phosphoric acid in the persulphate-arsenite method 
and the effect of certain dissolved salts on the titration of permanganic acid by 
sodium arsenite are discussed. A description is given of the persulphate- 
arsenite method as used at the Bureau of Standards. In the recommended 
procedure, which embodies no new principles, as much as 20 mg of manganese 
can be handled. It is therefore possible to use 1 g samples in practically all 
cases. The results obtained by this procedure are much better than those 
obtained on smaller samples by the ordinary persulphate method and are prac- 
tically of the same order of accuracy as obtained by the standard and much 
more elaborate bismuthate method. 
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I. INTRODUCTION 


In the persulphate-arsenite method for the determination of 
manganese in iron and steel manganese is converted to permanganic 
acid by oxidation with ammonium persulphate in a dilute nitric acid 
solution containing a small amount of a dissolved silver salt. The 
permanganic acid is titrated with a standard solution of sodium 
arsenite. Determinations can be quickly made and, hence, the 
method is extensively used in steelworks laboratories. Most of the 
procedures used are essentially the same as the one described in the 
American Society for Testing Materials Standards.! However, the 
method is subject to certain limitations: That is (1) the use of a small 
sample and (2) difficulty in always obtaining proper oxidation of the 
manganese. ‘The work discussed herein was done for the purpose of 
securing data whereby the method might be improved. 





+A. S.'T, M. Standards, 1927, Pt, I, p, 287, 
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Il. HISTORICAL 


The oxidation of Mn™ to Mn‘’™ by ammonium persulphate with 
silver nitrate as a catalyst was first described by Marshall.? Walters: 
applied the method to the oxidation of manganese in steels and estj. 
mated the permanganic acid by a colorimetric method. E. Procto; 
Smith* oxidized manganese in the same way and titrated the per. 
manganic acid with a solution of sodium arsenite. A number of 
modifications of Smith’s procedure have been published from time 
to time. In applying the persulphate-arsenite method to manganeg 
in tungsten steels Nicolardot and Levi® used a mixture of sulphuric, 
nitric, and phosphoric acids. The phosphoric acid was used to keep 
the tungsten in solution. Ward® likewise treated tungsten steels 
with dilute sulphuric acid, then added nitric and phosphoric acids, 
and boiled until tungsten carbides dissolved. Mathevet’ also pub- 
lished a procedure in which a mixture of the three acids was used to 
dissolve a 1 g sample of steel. He stated that the presence of phos- 
phoric acid during oxidation prevents the precipitation of manganese 
dioxide which always occurs in nitric acid solution when the amount 
of manganese exceeds 8 to 10 mg. Willard and Greathouse® found 
that phosphoric acid is efficient in preventing the precipitation of 
manganese compounds during oxidation with periodate. Eder! 
Bertiaux,” Travers," and Mukerjee” used phosphoric acid in con- 
nection with the determination of manganese by the persulphate 
method. Travers, by the aid of metaphosphoric acid (HPOs), quanti- 
tatively oxidized 0.50 g of Mn™ to Mn‘™, but he used hydrogen 
peroxide to titrate the permanganate because, as indicated later, 
the arsenite end point is not satisfactory for amounts of manganese 
above 20 mg. Kelley et al.” and Hall and Carlson™ employed the 
potentiometric method for the titration of permanganic acid. The 
former used mercurous nitrate and the latter sodium arsenite. 


Ill. EXPERIMENTAL 


The ordinary persulphate-arsenite method is not suited to the 
determination of more than 2 to 3 mg of manganese. Furthermore, 
the amounts of reacting constituents can not be modified to take care 
of more than approximately 7 mg of manganese. As previously 
pointed out, larger amounts of manganese can be handled when 
phosphoric acid is employed. All of the experiments were, therefore, 
made with acid mixtures containing phosphoric acid. 








2 Chem. News, 83, p. 76; 1901. § Chem. Zeit., 46, No. 144, p. 1085; 1922. 

’ Chem. News, 84, p. 239; 1901. 10 Bull. soc. chim. de France, 35, p. 1335; 1925. 
4 Chem. News, 90, p. 237; 1904. 11 Ann. chim., 6, p. 56; 1926. 

5 Rev. Métal, 16, p. 201; 1919. 12 Analyst, 52, p. 689; 1927. 

6 Chem. and Met., Eng. 28, p. 28; 1920. 18 J, Ind. Eng. Chem., 10, p. 22; 1918. 

7 Ann. anal. chlm. appl., 5, pp. 99-108; 1923. 4 J, Am. Chem. Soc., 45, p. 1615; 1923. 

8 J, Am, Chem. Soc., 39, p. 2366; 1917, 
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Bertiaux has shown that with phosphoric acid present 100 mg of 
manganese per 200 to 225 ml can be oxidized to permanganic acid 
by persulphate and a silver nitrate catalyst without any separation 
of manganese dioxide. He titrated the permanganic acid with 
ferrous sulphate or oxalic acid because the theoretical factor which 
he used for the arsenite solution did not hold for manganese in excess 
of 4 mg. These first two reducing agents, however, react with 
chromates and can not be used for general steelwork. It is therefore 
more desirable to use arsenite even though the amount of manganese 
must be limited. The end point with arsenite can be observed 
fairly well with 20 mg of manganese, but it is best not to use more than 
15 mg for accurate analyses. 

The observations incident to the experimental work on the acidity, 
concentration of reagents, etc., presented in a summarized form, are 
as follows: 

In solutions containing 10 mg of manganese per 100 ml manganese 
dioxide is precipitated during oxidation if 0.01 g of silver is used. 
Oxidation is quantitative with 0.02 to 0.03 g of silver. The use of 
0.05 g of silver (0.079 g of silver nitrate) insures an ample margin of 
safety. 

With this amount of silver nitrate and 1.5 g of ammonium per- 
sulphate, some manganese dioxide is precipitated. With 2.5 ¢g of 
persulphate, oxidation of the manganese is satisfactory. 

One milliliter of phosphoric acid gives satisfactory conditions for 
the oxidation of 12 mg of manganese in the presence of 1 g of iron, 
but it is necessary to use 3 to 4 ml of phosphoric acid in order to 
avoid the color interference of ferric iron. 

The amounts of nitric and sulphuric acids can be varied somewhat 
without affecting the results, provided the arsenite is standardized 
by titrating in solutions containing the same concentration of acids. 

The time required to quantitatively oxidize the manganese to 
permanganic acid depends upon the temperature, other conditions 
being constant. It was observed that oxidation is complete if the 
persulphate is added to a cool solution which is rapidly brought to 
boiling temperature and boiled about a half minute. 

Addition of sodium chloride, after the manganese has been oxidized, 
to remove the silver ion is recommended in a number of methods, 
for it prevents reoxidation of manganese by the residual persulphate 
during the titration with arsenite in the hot solutions that are used by 
some analysts. The end point of the titration is affected by the 
amount of chloride used,” and for accurate work the amounts of 
sodium chloride and silver nitrate must be held within very narrow 
limits. If the titration is carried out at temperatures below 25° C., 





15 Also noted by Hall and Carlson, J. Ind. Eng. Chem., 10, p. 22; 1918. 
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sodium chloride is not needed, for no appreciable reoxidation by per. 
sulphate takes place in the time necessary for titration. 

As a result of numerous tests it was noted that the end point take, 
when permanganic acid is titrated with sodium arsenite is slightly 
influenced by the silver salt, the persulphate, and the degree of 
acidity. An acid solution of permanganic acid when titrated with 
sodium arsenite does not react in accordance with the ratio Mn,0, 
2MnO, but more nearly as indicated by the ratio Mn,O,:Mn,0, 
In the presence of the silver ion the reduction of permanganate by 
arsenite is significantly less than when silver is absent. It was 
observed, however, that solutions of permanganic acid in which the 
concentrations of silver, acid, and persulphate were kept constan 
could be titrated with arsenite to reproducible end points. It seems 
possible, therefore, that the arsenite solution might be standardized 
with a permanganate solution, the titer of which had been deter. 
mined by means of a primary standard such as sodium oxalate. | 
is general practice in standardizing the arsenite solutions to use a 
steel in which the manganese has been determined by some other 
method. This, of course, introduces into the persulphate-arsenite 
method those errors incident to the evaluation of the manganese in 
the standard steel. 

The most desirable conditions for the standardization of the arse- 
nite solution were established by the following experiments. In the 
first series 20 ml of 0.03 N potassium permanganate was added to the 
solution of the reagents, prepared according to the recommended 
method (described later), and titrated directly with arsenite. Ina 
second series the same amount of potassium permanganate was 
reduced with sulphurous acid, then oxidized according to the recom- 
mended method and titrated with arsenite. The third series was 
the same as the first except that 1 g of electrolytic iron (manganese 
0.002 per cent) was present in the acid solution. The results are 
shown in Table 1. 


TABLE 1.—Results obtained by standardization of the arsenite solution with standard 
potassium permanganate 





0.03 N | Arsenite 
KMn0,j | solution 





ml ml 
20. 00 16. 46 
20. 00 16, 47 


Cop gE ee on eee ene Am ek, SOREN FIR es 
20. 00 16. 46 


Ssssss 


GD Sea vetens ene eames i ooo. . ib. dad. JA Se a i ee 


(3) Same as (1) but 1 g of electrolytic iron present....................---- nineteen etal 














* 0.05 ml has been subtracted for the manganese in the electrolytic iron. 

% This has also been noted by Geloso, who states in Compt. rend., 171, p. 1145; 1920, that manganese and 
silver salts affect the end point if potassium permanganate is titrated with arsenite in sulphuric 
acid solution. 
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The data in Table 1 show that it is optional whether the perman- 
ganate solution is titrated directly or reduced and oxidized. Further- 
more, 1 g of iron introduces no significant differences. 

On the basis of the preceding experiments the following procedure 


| was then adopted for the determination of manganese in steel and 


iron. In this method as much as 20 mg of manganese can be used, 
and it is therefore possible to use 1 g samples in practically all cases. 
Some time after the method had been put in daily use at the Bureau 
of Standards it was learned that W. D. Brown,” of the Carnegie Steel 
Co., Duquesne, Pa., also uses a persulphate-arsenite method in which 
phosphoric acid is employed. 

The results obtained by the recommended procedure are much 
better than those obtained heretofore on smaller samples by the ordi- 
nary persulphate method and are practically of the same order of 
accuracy as those obtained by the bismuthate method, which requires 
more time. 


IV. RECOMMENDED PROCEDURE 
1. SOLUTIONS REQUIRED 


Acid mixture: ml 
EE SES Se, Ee, Sa a a A a eae 525 
onan ect coon anne an ecnaeeewahant 100 
Phosphoric acid (85 per cent) ---------- ) Fil ikea A oprn,3 pthc wie Seige 125 
eo Fs. SE pe oe ae 2 ee .") a 


Add the sulphuric acid to the water, mix wma cool, add the nitric and 
phosphoric acids and again mix. 


Silver nitrate (0.8 per cent): 


Cage BRB. Se apap ay agen ei ep J a aE eg apap ee pee e., 8 

ABs Ui” a ie EME LS Si i ll a, 4 fae ey epg ha ee ml__ 1, 000 
Ammonium persulphate (25 per cent): 

Ammonium persulphate-...----..-..-------- it shake aoe h ea g.. *%25 

Digt Iie Res oe ae hes enemy pe al GE a Boe ml-__ 85 


This solution deteriorates and should not be kept more than a few 
days. 

Standard sodium arsenite solution approximately 0.03 N).—To 6 g of 
©. P. arsenic trioxide in a 600 ml beaker add 250 ml of water and 15 
g of sodium hydroxide and stir until solution is complete. Saturate 
with carbon dioxide and dilute to 5 liters. Standardize as follows: 
Transfer 30 ml of the acid mixture to a 500 ml Erlenmeyer flask, add 
100 ml of water, 10 ml of persulphate solution, 10 ml of silver nitrate 
solution, and boil for a minute to remove any nitrous fumes. Cool 
to room temperature, add 75 ml of water, exactly 20 ml of a standard 
0.03 NV potassium permanganate solution, and titrate with the sodium 





" Private communication. 
* Or necessary equivalent if strength is less than 95 per cent. 
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arsenite solution. The end point should be taken when the solution 
assumes a yellow green color which is not changed by the further addi. 
tion of arsenite. 

2. METHOD 


To 1.000 g of the steel or iron (note 1) in a 500-ml Erlenmeyer flask 
add 30 ml of the acid mixture. Heat until solution is complete and 
boil until oxides of nitrogen have been expelled. Add 100 ml of cold 
water, 10 ml of the silver nitrate solution, and 10 ml of ammonium 
persulphate solution. Heat to boiling and boil briskly for one-half 
minute. Cool to 25° C. or lower, add 75 ml of cold water, and titrate 
with standard arsenite to a clear yellow end point which does not 
change upon the addition of more arsenite. 


3. NOTES 


1. For cast irons dissolve as directed, filter off the graphite through 
a rapid paper, and wash with water. Dilute the filtrate, if necessary, 
to 125 ml and proceed as above. 

2. If the operations are performed as directed, it is not necessary 
to make a preliminary oxidation of the solution. 

3. Large amounts of chromium interfere because the yellow color 
of the chromate masks the pink color of the permanganic acid as the 
end point is approached. However, no particular difficulty was 
experienced when the amount of chromium did not exceed 15 mg. 

4. Chrome-tungsten steels do not dissolve readily in the acid 
mixture. For such steels add 50 ml of dilute sulphuric acid (1:9) 
and 3 ml of phosphoric acid (85 per cent) to a 0.5 g sample and heat 
until action ceases. Add 40 ml of water, 10 ml of nitric acid (sp. gr. 
1.20), and boil until tungsten carbides are all dissolved. Dilute, 
oxidize, etc., as for plain steel. 

5. It is not desirable to incorporate the silver nitrate with the acid 
mixture because it tends to retard solution of some types of steels, 
more particularly certain nickel steels. 


4. RESULTS OBTAINED 


The performance of the method is illustrated by the results ob- 
tained in analyses of Bureau of Standards standard steels and in 
analyses of synthetic mixtures containing 1 g of electrolytic iron 


(manganese 0.002 per cent) and varying amounts ef reduced 0.02 V 


potassium permanganate. These are shown in Tables 2 and 3. 





1” The color of the solution at the end point does not possess the green tint obtained in the absence of iron. 
However, the difference in shade is slight, and with a little practice the same end point can be obtained 
as in the absence of iron, 
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TapiE 2.—Resulls obtained by applying the recommended method to the analysis 
of synthetic solutions prepared by dissolving 1 g of electrolytic iron and adding 
reduced 0.02 N KMnQO, solution 














a ) 
KMn04 Mn | Arsenite 
solution ! eae t2 | Solution Mn found Error 
added ae | required 
| sd | ie ht hh a 
ml Per cent Per cent 
-y' a 1 6e 0. 027 +0. 002 
non \ 64 ‘026 +. 001 
, i 288 116 —. 001 
5.0 “tt \ 2. 95 “119 +. 002 
" i} 5.78 "934 +. 002 
10.0 - 232 } 5.77 "233 +: 001 
F ' 11.55 467 +. 005 
20.0 - 462 \ 11. 52 "465 +. 003 
Aa 17.12 692 0 
30. 0 692 17 18 694 +. 002 
| \f 22.84 923 ‘001 
40.0 | .922 99°89 ‘921 + Oo 
50. 0 | 1.15 \ yo eT wenesen-== 
Ban fas 4 az Te aes 





11 ml of KMn04=0.000230 g of Mn. 
2? Manganese in the KMnQ, plus that in the iron. 


TanLtE 3.—Resulls obtained by applying the method to the analysis of Bureau of 


Stundards standard steels 


| | | | 
Stand- | Certifi- Mn_ | Differ- re , 
No. jcate value} found | ence | Type of steel 





| Percent Per cent Pirecent | 





0. 345 0. a ss tae HA. O. H. 1 per cent carbon. 
= a. —. 001 }) ee a: 
| 38] i * 380 — 001 ‘a O. H. 1 per cent carbon. 
! yaa i 
¥ Pre | 436} +.001 lp o is uae cunnvi dail 
li | 435 |) 434 | —. 001 pB. . H. 0.2 per cent carbon. 
9 |f 482 0 —— 
§ 482 » Bes 16 per ci € 
I a » 482 |) ” 485 | +, 003 j Bes semer 0.1 per cent carbon. 
| a4 If -688 | -+.004 Iln ane, a 
| 634 | 638 | ++. 004 |j Bessemer 0.8 per cent carbon. 
a 915 | 0 s ener 
915 i} 916 | +, 001 || Bessemer 0.4 per cent carbon. 
eita 708 | +.003 [are teat ctanl (2. § nar cant Ni) 
-| 700 |; 706 | +.006 jNickel steel (3.5 per cent Ni). ; 
, | 651 f 646 | —. 005 \\Chrome-molybdenum steel (0.91 per cent chromium, 0.15 per 
oo ae .652 | +.001 |f cent molybdenum). 
| 499 |! .493 | —.006 |\Chrome-vanadium steel (1.00 per cent chromium, 0.21 per cent 
} pale | | . 496 | —. 003 l vanadium). 
| \ 





Grateful acknowledgment is made to Dr. G. E. F. Lundell for 
assistance in preparing this article. 


WasHINGTON, June 15, 1929. 
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DETERMINATION OF FLUORINE AND OF SILICA IN 
GLASSES AND ENAMELS CONTAINING FLUORINE 


By J. I. Hoffman, and G. E. F. Lundell 


ABSTRACT 


Methods for the determination of fluorine and of silica in the presence of each 
other remain practically the same as those developed by Berzelius over 100 
years ago. These methods are very tedious and normally give low results for 
both fluorine and silica. In the new methods that are described, the procedure 
for separating silica and alumina from fluorine has been modified so that it is 
more accurate and takes less time, while the old method of determining fluorine 
as caleium fluoride has been replaced by the more rapid and equally accurate lead 
chlorofluoride method. 
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I. INTRODUCTION 


Many methods have been devised for the determination of fluorine 
in solutions of pure fluorides. Only a few of these can be applied to 
the analysis of such complex materials as glasses and enamels, and 
none of them gives satisfactory results. The same can be said ¢op. 
cerning the determinations of silica in materials containing fluorine 
and silica, for silica can not be successfully determined unless it cay 
be satisfactorily separated from fluorine. 


II. GENERAL DISCUSSION OF METHODS OF ANALYSIS 
1. SILICA 


(a) DETERMINATION WITHOUT REGARD TO THE EFFECT OF FLUORINE 


If an acid solution containing silica and fluorine is evaporated to 
dryness, some of the silicon is lost by volatilization as silicon tetra- 
fluoride, Sify. The loss of silicon can not be calculated even if the 
quantity of fluorine present is exactly known because the loss varies 
with conditions and the amount that is lost is always less than that 
which is equivalent to the fluorine. Losses are greater in open than 
in covered vessels. Table 1 shows results that were obtained in 
determinations of silica in which the effect of fluorine was disregarded. 


TaBLE 1.—Determination of silica without regard to the i cl * pure 1 





‘ 
ay 
Material Method Fluorine |_____ 


added 
| Present | Found 





Per cent | Per cent Per cent 


iw “de dehydration with HCl_........--.-..--- 25 
9 


10 | 


1 
Hl Soda-lime glass 
3 
| 


CUNO TIE ics ncn sncancnadaguececs 10 | 
a = = : bias os 








i {Double dehydration with HC10, in a covered 
ee 


5 








1 The exact amounts of,silica and fluorine in this case as well as in those to be mentioned in subsequent 
sections of this paper were known because the substances analyzed were synthetic mixtures of materi 
of known silica or fluorine content. ‘The silica was usually added as Bureau of Standards soda-lime glas 
No. 80 and the fluorine as calcium fluoride of known purity or as sodium fluoride made by a modi 
of the method employed by D. J. McAdam and E. F. Smith (J. Am. Chem. Soc., 34, p. 592; 1912) in 
atomic weight work. In their method the hydrochloric acid in the hydrofluoric acid is remove 7 by 
tilling from a solution containing an excess of potassium permanganate and discarding the first part if the 
distillate which contains the chlorine. In our work a purer hydrofluoric acid was obtained by adding 
about 0.5 g each of potassium fluoride and silver sulphate to 500 mil of a reason: ably pure solution of hydro 
fluoric acid and distilling in a platinum still. The potassium fluoride “‘fixes’’ the silica as potassiut 
fiuosilicate, K2SiF es, and the silver sulphate forms insoluble silver chloride which is not decomposed in 
the distillation. The first 25 ml of distillate and the last 100 ml portion remaining in the still sho uld be 
discarded. One such distillation yields hydrofluoric acid which is entirely free from hydrochloric acid 


and silica. 


(b) THE USE OF BORIC OXIDE OR ARSENIC TRIOXIDE TO PREVENT LOSS OF SILICA 


P. Jannasch and H. Weber! state that it is probable that if a 
fluorine-bearing silicate is s fused with boric oxide at the temperature 


1 Ber. Deutsch. Chem. Gesell., 32, p. 1670; 1899. 
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of the oxygen blast, all of the fluorine is volatilized as boron trifluoride, 
BF;, without any loss of silica. All attempts on our part to verify 
this statement yielded low results for silica, but it is not certain whether 
silica was lost during the fusion or whether fluorine was incompletely 
volatilized and caused a loss of silica during the subsequent evapora- 
tion of the acidified solution. Silica is also lost if the determination is 
made by fusing with sodium carbonate, adding boric acid to the solu- 
tion of the melt, and dehydrating with hydrochloric acid. Further- 
more, if boric acid is present during the dehydration, the silica is al- 
ways strongly contaminated by it, and treatment with methy!] alcohol 
and hydrochloric acid does not entirely remove it. If it is not re- 
moved, it will count as silica for it is also volatilized by treatment with 
hydrofluoric acid. 

The use of arsenious acid for the purpose of volatilizing the fluorine 
as arsenious fluoride, AsF;, also yields incorrect results, for it was 
found not to prevent the formation of some silicon tetrafluoride, and 
the silica that is obtained is strongly contaminated by arsenic. 


(c) THE METHOD OF BERZELIUS 


The method of Berzelius * has stood for over 100 years and is still 
regarded as the standard procedure for separating silica from fluorine. 
It is long and tedious and gives results that are fairly accurate but 
usually low. The chief steps are as follows: The sample is decom- 
posed by fusing with a mixture of sodium and potassium carbonates, 
the melt is extracted with water, the solution filtered, and the alumina 
and part of the silicic acid are separated from the fluorine in the water 
extract by precipitating with ammonium carbonate. The solution is 
then filtered and the rest of the silica removed by nearly neutralizing 
with successive small additions of nitric acid, boiling with an ammoni- 
acal solution of zinc oxide, and filtering. The fluorine is determined 
in the filtrate by precipitating it as calcium fluoride. The silica is 
determined by evaporating to dryness the acid solution of the three 
residues (the water insoluble, the precipitate produced by ammonium 
carbonate, and that produced by the ammoniacal solution of zine 
oxide). The precipitation with ammonium carbonate requires 12 
hours, and the precipitate (if much silica is present, as in glasses) is 
extremely difficult to filter and wash. The subsequent neutralization 
with nitric acid, preparatory to the precipitation of the last of the 
silica by means of an ammoniacal solution of zinc oxide, is also time 
consuming, and the slightly alkaline filtrate obtained at the end of 
the operation usually holds from 1 to 2 mg of silica. In the analysis 
of a glass containing 9 per cent of fluorine an average of 73.6 per cent 
of silica was obtained by this method as compared with 74.1 per cent 
present. (See footnote under Table 1, p. 594.) 











’ J.J. Berzelius, Schweigg. J., 16, p. 426; 1816; H. Rose, Ann., 72, p, 343; 1849, 
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The use of mercuric oxide in preparing the precipitating reagent as 
recommended by F. Seemann * for recovering the last of the silica 
yields results which are slightly lower than those obtained when zine 
oxide is used, even if the filtrate is neutralized and again evaporated 
as directed by Seemann. Moreover, the last of the mercury is not 
easily expelled from large silica residues. 


2. FLUORINE 


(a) METHODS INVOLVING THE VOLATILIZATION OF FLUORINE AS SILICON TETRA. 
FLUORIDE 


Glasses and enamels can not be decomposed by direct treatment 
with sulphuric or perchloric acid. It is obvious that methods involy- 
ing the volatilization of fluorine as silicon tetrafluoride are impractical 
if a preliminary fusion is required to bring the material into solution. 
Even with soluble materials not all of the fluorine can be recovered 
by such a distillation. D. S. Reynolds, W. H. Ross, and K. D. 
Jacob * have shown that 92 per cent is about all that can be obtained 
by the best available procedures. 


(b) PRECIPITATION AS CALCIUM FLUORIDE IN THE PRESENCE OF CALCIUM 
CARBONATE 


It is practically impossible to filter freshly precipitated calcium 
fluoride. In the Berzelius method calcium fluoride is thrown down 
in neutral solution, together with some calcium carbonate. The 
mixture of these two precipitates can be filtered, but the fluoride must 
then be separated from calcium carbonate. This is done by first 
igniting at a low heat to get the fluoride into granular form and then 
treating the mixture with dilute acetic acid to leach out the carbonate. 
As many as four extractions with the dilute acetic acid are sometimes 
required. This always causes some solution of the fluoride, anda 
correction must be made for the amount that is dissolved. <A further 
difficulty is caused by the presence of phosphates, vanadates, chro- 
mates, aluminum, and ammonium salts. All of these must be removed 
from the solution before the precipitation. The procedure will yield 
fairly accurate results, but it is long and tedious and requires strict 
attention to details. In the analysis of two glasses containing 9.93 
and 5.75 per cent of fluorine (added as calcium fluoride), 9.74 and 5.77 
per cent, respectively, were obtained by this method when all recov- 
eries and solubility corrections were made. 


(c) PRECIPITATION OF CALCIUM FLUORIDE IN THE PRESENCE OF CALCIUM OXALATE! 


The coprecipitation of calcium fluoride and calcium oxalate is similar 
in many respects to the preceding method except that a known 








3 Z. anal. Chem., 44, p. 343; 1905. 
‘J. Assoc. Official Agri. Chem., 11, pp. 225-236; 1928. 
‘Q. Starck and E. Thorin, Z. anal. Chem., 51, p. 14; 1912. 
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quantity of a soluble oxalate is added instead of an unknown quantity 
of carbonate. The mixed precipitate is filtered, dried, and weighed, 
and the quantity of calcium fluoride is obtained by subtracting the 
weight of calcium oxalate equivalent to the amount of oxalate added. 
The precipitate is extremely difficult to filter and wash, but if this 
can be accomplished fairly accurate results are obtained, and the 
troublesome leaching with acetic acid is not required. In the analysis 
of two glasses containing 9.80 and 5.75 per cent of fluorine (added as 
calcium fluoride), 9.62 and 5.72 per cent, respectively, were obtained 
by this method. 

(a) VOLUMETRIC DETERMINATION OF FLUORINE BY TITRATION WITH FERRIC 

CHLORIDE ° 

Titration: of fluorine with a standard solution of ferric chloride 
involves the precipitation of iron cryolite, Na,FeF,, in a solution con- 
taining alcohol, a soluble fluoride, and a large excess of sodium 
chloride. Potassium thiocyanate is used as internal indicator. The 
chief objections to this method are the difficulty of judging the end 
point and the fact that practically all other substances except fluorine 
and sodium salts must be absent. An additional drawback is that 1 
atom of iron is equivalent to 6 atoms of fluorine. 


(e) OTHER METHODS 


In our hands attempts to precipitate fluorine as barium fluosilicate, 
3aSiF,, proved unsatisfactory because mixtures of barium fluoride 
and barium fluosilicate were precipitated. Attempts to precipitate 
thorium fluoride, ThF,, were also unsatisfactory because mixtures of 
thorium fluoride and sodium thorium fluoride, Na,ThI, were pre- 
cipitated. This is in agreement with the observations of Adolph.’ 
An attempt to precipitate fluorine as UF, by means of an excess of 
uranous sulphate (or chloride) also failed. The most promising of 
the methods used in the preliminary trials was that in which the 
fluorine is precipitated as lead chlorofluoride, PbCIF. This method 
will be described in detail under methods of analysis. 


Ill. RECOMMENDED METHODS OF ANALYSIS 
1. PRELIMINARY DISCUSSION 


After a careful consideration of the methods already described, it 
was decided that the Berzelius method or some modification of it 
would be the best for the separation of silica from fluorine. In the 
inethods to be described the long precipitation period with ammonium 





*See P. Guyot, Compt. rend., 71, p. 274; 1870; and A. Greeff, Ber., 46, p. 2511; 1913. 

‘In The Quantitative Methods for Fluorine, Thesis, University of Pennsylvania (1915) and Z. anal. 
Chem., 65, p. 395; 1916: William H. Adolph gives a good account of a critical study of methods for the 
determination of fluorine. 


69882°—29-—_6 
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carbonate, the difficult filtration of the precipitate, and the trouble. 
some neutralization of the sodium carbonate are eliminated in the 
operations designed for the separation of silica from fluorine. _ Instea( 
of precipitating the fluorine as calcium fluoride, it is precipitated gs 
lead chlorofluoride which can be weighed or preferably, in this Case, 
dissolved and the chlorine titrated. 


(a) DRYING OF THE SAMPLE 


Like most finely powdered substances glasses and enamels absor) 
some water upon standing in a moist atmosphere, but they offer 
little difficulty in drying or weighing. A sample ground to pass a 
No. 80 sieve and dried for one hour at 105° to 110° C. is satisfactory, 


(b) FUSION OF THE SAMPLE 


All of the orindary glasses and enamels are easily decomposed by 
fusing them at a moderate heat with sodium or potassium carbonate 
or a mixture of both. Silica need not be added to aid in the decom. 
position as the materials under discussion already contain enough. 
The use of the blast lamp is unnecessary, and even the full heat of 
the Tirrill burner is seldom required. It is only necessary that the 
mass be fluid, and it is preferable not to heat much beyond the 
temperature at which it melts. We have had no evidence of loss 
of fluorine during the fusion.’ 

Materials containing much silica, together with elements which 
form insoluble carbonates, as, for example, calcium, magnesium, or 
lead, when fused with sodium carbonate yield a cake which is quite 
difficult to disintegrate with hot water. This is especially true of 
many enamel mixtures. Potassium carbonate melts dissolve more 
readily, as has been pointed out in a discussion of the analysis of 
fluorspar,® and are entirely satisfactory. 

Occasionally not all of the fluorine is recovered by extracting the 
melt with water, filtering, and washing the residue. In the present 
work very few of the residues showed as much as 1 mg of fluorine. 
To assure complete extraction Hillebrand ' recommends that the 
insoluble residue be ignited and that the fusion and extraction be 
repeated. F. G. Hawley " recommends that the insoluble residue 
be boiled with a strong solution of sodium carbonate and then filtered 
to extract the last of the fluorine. This latter procedure is simple and 
entirely satisfactory if the original fusion was properly carried out. 
This treatment of the insoluble residue seldom yields appreciable 
amounts of fluorine and is only a precautionary measure. 








&§ F. G. Hawley (Ind. Eng. Chem., 18, p. 573; 1926) found a considerable loss of fluorine when FeS: was 
present, but this must have been caused by roasting the sample of CaF2 with FeSs. In such a case sulphur 
is oxidized to sulphite or sulphate which replaces fluorine. . 

9G. E. F. Lundell and J. I. Hoffman, B. 8. Jour. Research, 2, p. 671; 1929. 

1 The Analysis of Silicate and Carbonate Rocks, U.S. Geol. Surv. Bull. No. 700. 

ll See footnote 8. 
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(c) SEPARATION OF SILICA FROM FLUORINE 


When a sample of glass or enamel is fused with alkali carbonate, 
extracted with water, and filtered, some of the silica usually remains 
in the insoluble residue, but most of it passes into the filtrate with 
the fluorine, from which it must then be separated. In the methods 
usually employed aluminum and much of the silica are precipitated 
by adding ammonium carbonate to the solution, allowing it to stand 
for at least 12 hours, and filtering. The precipitate is very difficult 
to handle and often requires two or three hours to filter. The addi- 
tion of large quantities of macerated paper does not materially expe- 
dite the filtration. It was found that an entirely satisfactory pre- 
cipitate can be obtained in a few minutes by adding enough .of a 
nitric acid solution of zinc nitrate to reduce the concentration of the 
sodium carbonate in the solution to about 1 per cent. The precipi- 
tate is bulkier than that obtained in the old method, but it is free 
from fluorine, contains nearly all of the silica and alumina,” and, above 
all, it is easily filtered and washed. The silica which still remains in 
solution is precipitated by neutralizing with nitric acid and boiling 
with an ammoniacal solution of zine oxide. 

Neutralization by successive small additions of nitric acid (as in 
the old method) is unnecessarily lengthy and troublesome and leaves 
the solution slightly alkaline, because not all of the sodium bicarbonate 
formed is destroyed. Such a solution usually holds from 1 to 2 mg 
of silica, and it is probably for this reason that most results for silica 
by the Berzelius method are low. By neutralizing the solution with 
dilute nitric acid until methyl red changes to a very delicate pink 
(pH about 5.6), and then boiling with a large excess of an ammoniacal 
solution of zine oxide, all of the silica is recovered, and no fluorine is 
lost. A variation of 1 ml of N acid or alkali in this neutralization 
results in the loss of approximately 1 mg of silica regardless of whether 
fluorine is present or not. This is true because zinc silicate is soluble 
in solutions that are alkaline or contain ammonium salts. A little 
excess of nitric acid would be neutralized with ammonium hydroxide 
and leave its equivalent of ammonium nitrate in solution. 

The use of mercuric oxide instead of zinc oxide as recommended 
by Seemann * yields slightly low results for silica even if the solution 
is strictly neutral to methyl red and no fluorine is present. The 
presence of fluorine has little or no effect on the precipitation whether 
zinc oxide or mercuric oxide is used. Greater losses of silica occur if 
the acidity or alkalinity of the solution is increased beyond the point 
of neutrality to methyl red before adding the ammoniacal solution of 
mercuric oxide. 





"In a 0.5 g sample of glass containing 74 per cent of silica and 6 per cent of alumina, all but 8 per cent of 


the silica and 0.4 mg of the alumina were removed in this precipitation. The amount of silica left in solu- 
tion varies somewhat but seldom is greater than that mentioned. 
® See footnote 3, p. 596. 
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The results obtained by the different procedures for the recovery 
of small quantities of silica in the presence of fluorine are shown jy 
Table 2. The precipitates obtained by the use of the zine oxidp 
reagent were dissolved in sulphuric acid and the silica determined by 
double dehydration as usual. The precipitates obtained by the use 
of the mercuric oxide reagent were directly ignited as recommended 
by Seemann. The weight of silica was then determined by treat. 
ment with hydrofluoric and sulphuric acids as usual. Seemann’s 
directions do not clearly define the conditions of the solution prior to 
adding the ammoniaca! solution of mercuric oxide, and it is possible 
that by proper adjustment of acidity or other conditions, the unfayor. 
able results shown in Table 2 might be improved. 


TaBLE 2.—Recovery of small quanlities of silica in the presence of fluorine 


° -1¢ wsub-| , sc ee 
Fluor- | Other sub-| Conaition of the solution in 


Method of separating silica ine stances. | oir on aa —— 
present| present | which silica was precipitated 


Silica 


Present 





g 

Boiling with an ammoniacal ape? ee Faint pink to methyl red (pH | 0. 0184 

solution of zine oxide. 5.6). 
ip Matec eee atcndicihes be -| .0549 
0.1 g BeO; ...do be Arenas Mit abeseniado: SS . 0737 
0.1 g BeO3 |_--.-do__.__- sncodetheni meee 
0.1 g B2O3 |_.._.do ates . 0228 
Neutral to methyl red, then . 0204 

added 1 ml N-NagC Oz. 
Between blue and yellow of | .0269 
ne brom phenol blue (pH 3.4). 
Evaporating to dryness with , Faint pink to methyl red (pH . 0084 

an ammoniacal solution of 5.6). 
mercuric oxide. 





oenaste etree ie 
Neutral te methyl! red then O15 
added 1 ml of N-NasCO3. 























(d) DETERMINATION OF SILICA 


In the Berzelius method silica is determined by dissolving the 
insoluble residue and the ammonium carbonate and zine oxide pre- 
cipitates in hydrochloric acid and dehydrating in the usual manner. 
In the method to be outlined the residue and the two zine precipi- 
tates are treated in like manner. If an appreciable amount of silica 
is present, yielding a bulky residue, the first dehydration with hydro- 
chloric acid is easily accomplished on the steam bath. In the second 
dehydration not much silica is present, and the large quantity of 
zinc chloride forms a sirup which must be dehydrated on the hot 
plate. In the absence of large quantities of lead, calcium, or other 
substances which would form insoluble sulphates, it is preferable to 
substitute sulphuric acid in the second dehydration. Perchloric 
acid may be used in any case, but then the dehydration should be 
made in glass and 2 to 5 ml of nitric acid should be added to oxidize 
bits of filter paper or other reducing substances which might other- 
wise react violently with perchloric acid. However, hydrochloric 
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acid is decidedly to be preferred in the first dehydration" and 
sulphuric acid in the second. 

Less than 1 mg of silica should escape the second dehydration, 
and this can be recovered by adding about 0.05 g of aluminum (as 
chloride) to the filtrate, precipitating with ammonium hydroxide, 
dissolving the precipitate in sulphuric acid, evaporating until fumes 
of the acid appear, diluting, and filtering. Sufficient ammonium 
chloride must be added to hold zinc in solution during the precipita- 
tion with ammonium hydroxide. 


(e) DETERMINATION OF FLUORINE 


The determination of fluorine in the filtrate from which the last 
of the silica has been removed by precipitation with an ammoniacal 
solution of zine oxide is most satisfactorily made by precipitating 
the fluorine as lead chlorofluoride, PbCIF. If obtained from pure 
solutions this precipitate may be collected on an asbestos pad, dried 
at 140° C., and weighed. In practice it is usually preferable to 
dissolve it in dilute nitric acid and determine the chlorine as in 
Volhard’s method because the coprecipitation of small quantities of 
phosphates, chromates, sulphates, lead carbonate, and the like causes 
high results if the precipitate is weighed but has little or no effect 
if the chlorine is titrated. The precipitate is granular, settles very 
readily, and is easily filtered. Its solubility in water ” (0.325 g per 
liter at 20° C.) upon first consideration might seem to bar its use 
in quantitative work, but satisfactory results are obtained if it is 
washed with a saturated solution of the salt. A precipitate washed 
with a saturated solution of lead chlorofluoride and cold water as 
described in the method below lost only 0.0024 g, corresponding to 
less than 0.2 mg of fluorine. 

The composition of this precipitate can be varied by changing the 
conditions of precipitation, but C. Sandonnini”™ has shown by thermal 
analysis that lead chlorofluoride is a true compound and not a mixture 
of PbF, and PbCl,. Precipitates of the proper composition may 
be obtained by balancing such variables as volume and acidity of 
the solution, concentration of lead and chloride ions, temperature, 
time of standing, etc. The conditions prescribed in the method 
below are not the only ones which might yield correct results. For in- 
stance, higher concentrations of lead and chloride ions, together 
with higher acidity may yield equally accurate results. Most 
analysts” differ as to these conditions. Those prescribed in this 





4 Large quantities of silica obtained by dehydrating with sulphuric or perchloric acid under the conditions 
which obtain in this dehydration hold carbon very tenaciously upon ignition. The reason is not apparent, 
but it is extremely difficult to obtain silica which is white. Slow ignition in the beginning is essential. 

‘SG, Starck, Z. anorg. Chem., 70, p. 173; 1911. 

Atti. R. Accad. Lincei, 20, p. 172; 1911. 

See reference in footnote 8, p. 598, and footnote 15, above; also L. D. Hammond, Ind. Eng. Chem., 
16, p. 938; 1924, 
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paper can be duplicated easily by different operators. Reasonable 
duplication is necessary for correct results. For example, the lead 
nitrate and sodium acetate should be weighed to 0.1 g. The pif 
value of the solution after adding the sodium acetate is about 5. 
At this acidity fluorine causes no trouble, and glass vessels may be 
used for the precipitation. 

The presence of aluminum, iron, large quantities of alkali salts, 
and boric oxide retard or prevent the complete precipitation of lead 
chlorofluoride. Of these, the first two are by far the most trouble. 
some, probably because they form cryolites which are more stable 
than lead chlorofluoride. The effect of the last two can be mini- 
mized by letting the solution stand for a longer time and is not 
serious with the quantities usually encountered in the analysis of 
glasses and enamels. Boron has a greater effect when the quantity 
of fluorine is large than when it is small. In the method to be 
described, the effect is small and can usually be disregarded in the 
analysis of glasses or enamels if the amount of fluorine involved lies 
between 0.01 and 0.03 g. Above 0.03 g its effect becomes more 
noticeable. The effect of these substances is shown in Table 3 


TaBLE 3.—Determination of fluorine in synthetic solutions by precipitation as 
PbCIF and titration of chlorine 


| Fluorine 
Contaminants |———__—— 


Present | Found 





| 
| 0. 6149 


|. 0149 
10g | Na2C Oi. ckalonwe ‘ a : races geiegllahey lita stint . 0149 
10 g K2C03_- SUED. Ma DAA, Bhs A 8 _..|  .0149 
5 g NazCO;+0.06 g BiOs. Eee a eee eee ST : 0299 
5g NazOO3+0.11 g B203__..-___..- Fh ieee € 0747 
PO Ee OP > SE aE eee ENTE orn Rn args emery Pye 
5 g NasCOs-+0.3 g B203_--..-.............. ; Ha Bink .0149 


5 @ NasCOs+-0.3 g B20s..........2..--2.22---2. roe : wen pais be . 0149 
5 g NazCO3+0.001 g AlzO; ‘ ey _ — . 0149 
5 g NazCO3+0.001 g AlzO3_----___---- sb ¢ find Ae . 0149 
5 g NazCO3+-0.005 g AlzO3-...--------------- damontows den . 0149 


a 8 IPE an ee ee ee eee eR eee Oe . 0149 
5 g NazC O3+0.03 g SiOg__-__.-_______. dec cow ink oehn aoe . 0149 
5 g NazCO3+0.03 g SiO2 P ee NS ee . 0149 
5 g NazCO3+0.5 g NHiNOs; t : . 0149 


5g NaeCO3+3.0 g NHiNOs.......-..-22--- 22 _| .0149 
5 g NazCO3+0.02 g P20s -| .0149 
5 g NasCO3+0.1 g H2SO, : -|  . 0487 
5 g NasC O3+-0.05 CrO3 J . 0288 

















The results in Table 3 were obtained by direct determinations in 
synthetic solutions by procedure (c) below and did not involve a 
preliminary fusion. It is apparent that small quantities of silica, 
ammonium nitrate, phosphoric acid, sulphuric acid, and chromic acid 
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have little or no harmful effect if lead chlorofluoride is precipitated 
under the conditions prescribed, and the chlorine is titrated as in 
Volhard’s method. Phosphates, sulphates, and chromates are pre- 
cipitated, at least in part, with lead chlorofluoride but are harmful 
only so far as they may carry down chlorides. The positive error 
from this source is apparently slight. Lead phosphate if thrown 
down with lead chlorofluoride, creeps through the filter, but this has 
no effect upon the result. 


({) ROUTINE METHOD FOR FLUORINE 


If fluorine alone is to be determined, the careful separation of silica 
from fluorine need not be made, and the time required for a fluorine 
determination can be materially reduced by omitting the digestion of 
the first insoluble residue and the precipitation with ammoniacal 
zinc oxide solution. Such a modification is described in procedure 
(1) below. 

2. PROCEDURES 


(a) FUSION OF THE SAMPLE AND SEPARATION OF SILICA FROM FLUORINE 


~ 


Fuse 0.5000 g of the sample (dried at 105° C.) with 5 g of sodium or 
potassium carbonate or a mixture of both, leach the cooled melt with 
hot water, and filter when disintegration is complete. Return the 
insoluble residue to the dish by the use of a jet of water, add 50 ml 


of a 2 per cent solution of sodium carbonate, boil for a few minutes, 


filter, and wash thoroughly with hot water.'"® Reserve the residue 
1) for the determination of silica. ‘To the combined filtrates, which 
should have a volume of approximately 300 ml, add 1 g of zine oxide 
dissolved in 20 ml of dilute nitric acid (1:9),' boil for one minute, 
filter, and wash the residue thoroughly with hot water. Reserve the 
precipitate (2) for the determination of silica. Add a few drops of 
methyl red indicatorsolution to the filtrate, nearly neutralize with nitric 
acid, and evaporate to a volume of 200 ml, taking care that the solu- 
tion remains alkaline during the evaporation. Finish the neutrali- 
zation of the concentrated solution by adding dilute nitric acid (1:9) 
until the color is a very faint pink. Now add 1.0 g of zine oxide dis- 
solved in ammonium hydroxide and ammonium carbonate,” and boil 
ina covered platinum dish until the odor of ammonia is entirely gone. 
This usually requires boiling until the volume of the solution has 
been reduced to about 50 ml. After all of the ammonia is expelled, 





é Boiling with a solution of sodium carbonate aids in completely extracting the fluorine from the insoluble 
residue, but is not necessary in routine work if the melt has been well disintegrated at the start. 

® This denotes 10 ml of nitric acid (sp. gr. 1.42) mixed with 90 ml of water. This system of designating 
dilute acids is used throughout this paper. Ifno dilution is specified, the concentrated reagent is intended. 

” Transfer 1.0 g of zine oxide and 2.0 g of ammonium carbonate to a small beaker, add 20 ml of water 
and 2 ml of ammonium hydroxide (sp. gr. 0.90), and digest on the steam bath until a clear solution is 
obtained 
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add about 50 ml of warm water, stir, allow to stand for a few minutes. 
filter, and wash the precipitate (3) with cold water. Reserve the 
filtrate (4). 

(b) DETERMINATION OF SILICA 


With the aid of a jet of dilute hydrochloric acid (5:95) transfer the 
insoluble residue (1) and the two zine precipitates (2 and 3) from 
the papers to the dish in which the last precipitation was made. 
Ignite all papers used in the preceding filtrations, and add any residue 
so obtained to the contents of the dish. Now add 25 ml of hydro. 
chloric acid and evaporate to dryness on the steam bath. Remove 
the dish from the steam bath, drench the residue with 10 ml of hydro- 
chloric acid, and then add 100 to 150 ml of hot water. Digest on the 
steam bath for 15 minutes, filter, and wash thoroughly with hot 
dilute hydrochloric acid (5:95) and then with hot water. Retum 
the filtrate and washings to the dish in which the evaporation was 
made, add 10 ml of sulphuric acid,” and evaporate until fumes of sul- 
phuric acid are evolved. Allow to cool, add 100 to 150 ml of warm 
water, digest for a few minutes until salts are in solution, filter, and 
wash with hot water. Place the two papers containing the silica in 
a weighed platinum crucible, heat slowly until dry, next char the 
paper without inflaming, burn off the carbon at as low a temperature 
as possible, and finally ignite at about 1,200° C. Cool in a desiccator, 
weigh, and repeat the heating until a constant weight is obtained. 
Determine the silica by treatment with hydrofluoric and sulphuric 
acids in the usual manner. 

To recover the silica left in the filtrate after the second dehydra- 
tion, add about 0.05 g of aluminum (in the form of chloride) and 10 
to 15 g of ammonium chloride, and precipitate the aluminum with 
ammonium hydroxide. Filter and dissolve the precipitate in 50 
ml of dilute sulphuric acid (1:9), dehydrate, filter, and add the small 
quantity of silica to that obtained above.” 


(c) DETERMINATION OF FLUORINE 


To the filtrate (4) add two drops of brom phenol blue * indicator 
and 3 ml of a 10 per cent solution of sodium chloride. Adjust the 
volume of the solution to 250 ml, add dilute nitric acid until the color 
changes to yellow, and then add dilute sodium hydroxide until it 





21 25 ml of 60 to 70 per cent perchloric acid may be substituted for the sulphur'e acid, but then 2 to 5 ml 
of nitric acid should be added and the dehydration carried out in glass. 

22 This recovery usually amounts to less than 1 mg of silica and may be omitted in routine work if the 
previous operations have been properly performed. 

2 To prepare the brom phenol blue indicator solution grind the dry powder thoroughly with a sodium 
hydroxide solution (1.5 ml of 0.1 N sodium hydroxide for 0.1 g of powder) and dilute to make a 0.4 per cent 
solution, 
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changes just to blue. Now add 2 ml of dilute hydrochloric acid (1:1) 
and 5.0 g of solid lead nitrate, Pb(NO;)., and heat on the steam 
bath. As soon as the lead nitrate is in solution, add 5.0 g of solid 
sodium acetate,“ NaC,H,0,+3H,O, stir vigorously, and digest on 
the steam bath for one-half hour with occasional stirring. Allow to 
stand over night * at room temperature and decant the solution 
through a paper of close texture (No. 589 S and S blue band or No. 
42 Whatman). Wash the precipitate, beaker, and paper once with 
cold water, then four to five times with a cool saturated solution of 
lead chlorofluoride * and then once more with cold water. 

Transfer the precipitate and paper to the beaker in which the pre- 
cipitation was made, stir the paper to a pulp, add 100 ml of dilute 
nitric acid (5:95), and heat on the steam bath until the precipitate is 
dissolved (five minutes is ample). Then add a slight excess of a 
0.2 N solution of silver nitrate,” digest on the steam bath for one- 
half hour, cool to room temperature while protected from the light, 
filter, wash with cold water, and determine the silver nitrate in the 
filtrate by means of a standard solution of potassium thiocyanate,” 
using 5 ml of a solution of ferric alum as the indicator.” Subtract 
the amount of silver nitrate found in the filtrate from that originally 
added. The difference will be that required to combine with the 
chlorine in the lead chlorofluoride, and from this the fluorine may be 


computed. One ml of 0.2 WN silver nitrate is equivalent to 0.00380 g 
of fluorine. 

The method as written holds well between the limits of 0.01 to 
0.1 g of fluorine. Below 0.01 g the results have a tendency to be 
slightly low and above 0.1 g they tend to be slightly high. 

Typical results obtained by the method are shown in Table 4. 





4 If a good grade of sodium acetate is not available, prepare a solution as follows: Add 300 g of sodium 
bicarbonate to about 205 ml of glacial acetic acid, dilute to about 500 ml with water, and heat on the steam 
bath until frothing ceases. Cool the solution, and dilute it to 1 liter. The final solution should give an 
acid reaction with methy! red. 10 ml of this solution is equivalent to approximately 5 g of sodium acetate, 
NaC3H303+3H;0. 

* Four hours is sufficient in routine work unless much boron is present. 

* To prepare lead chlorofluoride wash solution: (a) Dissolve 10 g of lead nitrate in 200 ml of water; (6) 
dissolve 1.0 g of sodium fluoride in 100 ml of water and add 2 ml of concentrated hydrochloric acid; and, 
(c) mix solutions (a) and (6). Allow the precipitate to settle and decant the supernatant liquid. Wash 
four or five times with 200 ml of water by decantation, and then add about 1 liter of cold water to the pre- 
cipitate and allow to stand for one hour or longer with occasional stirring. Pour through a filter and use 
the clear filtrate. By adding more water to the precipitate of lead chlorofluoride in the beaker and stirring, 
more wash solution may be prepared as needed. 

” Standardized by precipitating a measured portion with hydrochloric acid and weighing the silver 
chloride. 

* Standardized by comparing with the standard solution of silver nitrate under the same conditions as 
obtain in the method. A convenient concentration is 0.1 N. 

* A cold saturated water solution of ferric alum (free from chlorides) to which has been added sufficient 
colorless nitric acid to bleach the brown color of the water solution. 
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TaBLe 4.—Results obtained by the use of procedures (b) and (c) 


[All results are calculated on the basis of a 0.5 g sample] 





Material cs | Other substances present 
Pres- " | Pres- } 
ent Found | ent 


Per cent| Per cent| Per cent| Per cent! Per cent 
3.06) 74.1 n. d. 
73. § 73.9 | AlsOs, 6; TiOs, 0.3. 
79. 79. 1 Do. 
10. 98 10.82 | Na+K salts+Al0s, 10. 
Do. 





7. 7.40 


14, 14, 

7 14, 
24. 
67. 


~ 
tw 


| 
Noe salts+B20sz, 11. 


Cas (PO4)g, 10; Sb2O3, 8; BOs, 20 

AlzOs, 6; B2O3, 20; CoO, 2; MnO, 4; NiO, 2 
SnQg, ‘10; Sb2Os, 4. 

PbO, 13; B20s3, 11; Sb20s3, 4; BaO, 2. 


& 


51. 


AlzO3, 3; MgCOs, 10; may 11. 

Al2O3, 8; PbO, 13; B2Os, 3; SbaO3, 2; SnOs, 2 
Sb20sz, 4; C as (PO.)s, 6; Bi0s, 20. 

B20s3, 20; CoO, 2; Mn0Qy, 4 . NiO, 2; AlzOs, 6. 


i 
o-n & POD 








B203, 11; SbaQs, 4. 


2 67.6 


5.74 | 2 67.6 
5.69 | 2 67.6 

















n. d.=not determined. 


1W. F. Muehliberg, chief chemist of the Newburgh Steel Works, Cleveland, Ohio, reported 5.61 er cont 
of fluorine and 67.8 per cent of silica on this glass the first time he used the procedures (6) and (c) as writter 
On a reanalysis he reported 5.70 per cent of fluorine and 67.6 per cent of silica. 

? Certificate value of Bureau of Standards’ sample of opal glass No. 91. These figures were obtained by 
averaging the results of four cooperating analysts using different types of approved methods. ‘The figure 
for fluorine may be subject to an error of +0.05 per cent. 


(4) ROUTINE METHOD FOR FLUORINE 


Fuse 0.5000 g of the sample (dried at 105° C.) with 6 g of potassium 
carbonate, leach the cooled melt with hot water, and filter when 
disintegration is complete. Wash the insoluble residue thoroughly 
with hot water, and adjust the volume of the filtrate and washings to 
approximately 200 ml. Add 1 g of zine oxide dissolved in 20 ml of 
dilute nitric acid (1:9), boil for one minute with constant stirring, 
filter, and wash thoroughly with hot water. Proceed as in (¢), 
determination of fluorine (above). 

Typical results obtained by the use of the routine method are 
shown in Table 5. 








Hopm | Determination of Fluorine and Silica 


TaBLe 5.—Results obtained for fluorine by the routine method (d) 


(All results are calculated on the basis of a 0.5 g sample) 


Fluorine 


Material Other substances present 


Pres- : 
ent Found 





Per cent! Per cent Per cent 
5. 75 5. 68 

02 
83 
70 
82 | CrOsz, 10. 


on 


4a 


7.12 
~ 


wrongs 


5. 75 
5. 75 
> eat 
v.40 





59 | MgCOs, 20. 

AloOs, 6; B2O3, 11; SbheOs, 4; SnOe, 4; MgCOs, 6. 
AlzOs, 6; B2Oz, 20; PbO, 13; BaO, 2. 

AleOz,- 6; B2O3, 11; SbeOs, 4; SnOe, 4; Mg COs, 6. 
AloOs, 6; B2O3, 11; Sb2Os, 4; SnOo, 4; MgCOs, 2. 


do en Ce 5. 75 
Synthetic mixture !__ 


PPANa 








1 Bureau of Standards soda lime glass No. 80 to which were added the constituents noted. 


IV. SUMMARY 


1. Various methods of determining silica in the presence of fluorine 
have been tested, but only the procedure developed by Berzelius or 
some modification was found to be reliable. In the methods described 
the procedure of Berzelius is modified so as to eliminate (1) the long 
precipitation period with ammonium carbonate and the difficult 
filtration which follows; and (2) the slow and troublesome neutraliza- 
tion with small portions of nitric acid. 

2. It was found that for quantities of fluorine between 0.01 and 
0.10 g the precipitation of fluorine as lead chlorofluoride is much more 
convenient and rapid, and as accurate as the precipitation of a mix- 
ture of calcium fluoride and calcium carbonate followed by extraction 
of the latter with acetic acid. 

3. The lead chlorofluoride method succeeds in the presence of 
moderate quantities of ammonium nitrate, and boric, chromic, sul- 
phuric or phosphoric acids, but as now written, it is not suitable for 
determining fluorine in phosphate rock. The presence of much 
magnesium tends to yield slightly low results. 

4. The effects of various other contaminants, such as oxides of tin, 
antimony, iron, aluminum, nickel, cobalt, manganese, and lead, are 
shown, and a routine method for determining fluorine is given. 


Wasutneron, June 8, 1929. 
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THE HEAT OF FORMATION OF SULPHUR DIOXIDE 
By J. R. Eckman! and Frederick D. Rossini 


ABSTRACT 


The heat of formation of sulphur dioxide has been redetermined. Since the 
burning of sulphur in excess oxygen results in the formation of varying small 
amounts of sulphur trioxide, which evolves some 90,000 more joules per mole in 
its formation than does sulphur dioxide, the difficulties involved in analyzing the 
combustion products for the trioxide and in making the corresponding corrections 
were obviated by the use of a specially designed calorimetric reaction chamber 
in which oxygen reacts with an excess of hot sulphur vapor to form pure sulphur 
dioxide. The heat of formation of sulphur dioxide at 25° C. from rhombic sul- 
phur and gaseous oxygen was found to be +296,890+200 absolute joules per 
mole. 


CONTENTS 


. Introduction 

. The reaction chamber and its operation 

. The chemical procedure 
1. Preparation of the sulphur 
2. Purification of the oxygen and the nitrogen 
3. The analytical methods 
calorimetric apparatus and accessory instruments_-_-____-____- 
1. The calorimeter 
2. The thermometer 
3. The electrical energy system 

Molecular weights, constants, factors, units, etc 
‘I. The calorimetric procedure 

EE, “Corre: Chretien oon so oo ae 
2 SUpaue’ Giomide Gxperimetews... 2 ee : 


I. INTRODUCTION 


The thermochemical data of J. Thomsen and M. Berthelot, who, 
working independently, laid the foundations of modern thermochem- 
istry by their prodigious work of nearly half a century ago, are in 
many cases in good agreement. One striking exception to this 
consistency, however, occurs in the case of their results on the heat of 
formation of SO.. Berthelot? reported a value of + 69,260 calories 





' The bureau regrets to announce that since this paper was written Doctor Eckman has died. 
*M. Berthelot, Ann. de chim, et de phys,, 2, p, 422; 1881, 
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while Thomsen* found +71,080 calories. The discrepancy is 2\, per 
cent. This difference is much greater than can be accounted for by 
the random errors in their calorimetric technic, and may be the 
result of some fault in the analytical methods. 

Although their experimental methods were slightly different, both 
Thomsen and Berthelot burned the sulphur in an excess of oxygen, 
This resulted in the formation of varying small amounts of SO, along 
with the SO,, and, since the heat of formation of SO; is about 21,500 
calories per mole greater than that of SO, it was necessary to deter- 
mine the exact amount of SO; formed in each experiment so that the 
proper correction could be applied. Another possible correction to 
such experimentally determined heats is that for the heat of the reac- 
tion of the SO; with water vapor from imperfectly dried oxygen or 
with moisture on the walls of the apparatus. 

Thomsen and Berthelot did not agree as to the effectiveness of 
each other’s analytical methods for determining the SO, formed. 
Berthelot,* in his second report on the heat of formation of SO,, 
which appeared shortly after Thomsen® had published his results, 
was of the opinion that Thomsen’s higher value was due to the fact 
that his analytical method did not recover all the SO; formed. 

Berthelot* quoted results by five earlier investigators. These in- 
cluded the following, in chronological order: Dulong, + 83,200; 
Hess, + 82,200; Favre and Silbermann, + 71,200; Andrews, + 73,800; 
Thomsen, +71,080; and finally Berthelot, +69,260 calories. The 
results of Dulong and of Hess are obviously much in error, since all 
the others are grouped within about 5 per cent of one another. In 
1904, Giran reported a value of 69,800 calories.® 

Before attempting a new calorimetric determination of the heat 
of this reaction there were two problems to solve. The first of these 
was the development of a sufficiently exact method for determining 
small amounts of SO, in SO,. The solution of this problem is reported 
in a previous paper by one of the authors.’ The method consists, 
briefly, in condensing the SO; from the SOz, dissolving it in an oxy- 
gen-free aqueous solution of BaSO;, and weighing the precipitated 
BaSO,. The second problem involved the development of a satis- 
factory calorimetric reaction chamber in which the union of sulphur 
and oxygen could be made to take place with the formation of a 
minimum amount of SO. 





8J. Thomsen, Thermochemische Untersuchungen, J. A. Barth, Leipzig; 1882. Berichte, 13A, p. 95°; 
1880. 

4 See footnote 2, p. 597. 

5 See footnote 2, p. 597. 

6H. Giran, Compt. rend., 139, p. 1219; 1904; 140, p. 1704; 1905. With a bomb calorimeter Giran found 
that the apparent heat of formation of 1 mole of SO», after correction for the formation of SOs, increased with 
increase in the pressure of the oxygen in the bomb. He offered as an explanation for this the formation of 
H2S04.803 from the reaction of SOs with the small amount of water vapor present in the bomb. 

7J. R. Eckman, B. 8. Sci. Paper No. 554, 22, p. 277; 1927, 





Eckman | Heat of Formation of Sulphur Dioxide 599 


Rossini 
Il. THE REACTION CHAMBER AND ITS OPERATION 


The fundamental idea underlying the design and construction of 
the reaction chamber was the introduction of oxygen gas into an 
excess of hot sulphur vapor, in order to minimize the formation of 
So,.6 After preliminary experiments 
with various types, the reaction 
chamber shown in Figure 1 was de- 
veloped. In this reaction chamber, 
sulphur is converted into SO, with- 
out the formation of any detectable 
amounts of SO, when tested by the 
analytical method described above. 

The reaction chamber was made 
entirely of pyrex glass with the 
exception of the platinum wire 
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used to supply electrical energy to na 
_ 
| [> 
a 
| 
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| 
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the chamber and the platinum tip 


on the inlet tube. 


the calorimeter, was as_ follows: 
About 8 g of pure rhombic sulphur, 
broken up into very small pieces, 


was introduced into the space C 

through the entry tube D. The acs 
close-fitting ground-glass cap at D ee 
was sealed with de Khotinsky ~LE- 
cement. Pure dry nitrogen gas ene 


was passed through the reaction a Ra, 
chamber, entering at Z and leaving tare 
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rying out the reaction, with the os 
chamber immersed in the water of al 
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at M, until all the space in the 
chamber was filled with nitrogen. 
Then an electric current was sent 
through the platinum wire. The  Ficure 1.—The reaction chamber 
heat developed melted all of the — 4, body; B, vacuum facket; C, space con- 


“ 4 ’ o. taining the sulphur which is filled in through 
sulphur and v aporized part of it. the tube D; #, open cylindrical tube, with 


The energy required to accom- __ supports to wall, for carrying the heating coil 


. : . of platinum wire; F, No. 29 platinum wire; 
18 $3 ~ , : 
| lish this totaled about 4,800 joules, G, No. 18 platinum wire; H, No. 14 platinum 


over a period of four minutes. One- _ wire; J, gas inlet tube with platinum tip J; 
ait : ‘ J &, coil for cooling exit gases; J and M ground 
half minute before the current glass connections. Over-all length is 24 cm 
was cut off, the flow of pure dry 

oxygen gas into the chamber through LZ was started. When the 

oxygen came in contact with the hot sulphur vapor, the formation 


* This method of preparing SO2 has been used by Randall and Bichowsky, J. Am. Chem. Soc., 40, 
Pp. 368; 1918, 
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of SO, commenced. The visible evidence of this reaction was 
blue-green region several centimeters long at J. The SQ» escaped 
from the body of the chamber into the cooling coil and passed through 
the exit M into an absorber. When a sufficient amount of sulphur 
had been converted into SQ,, the flow of oxygen was stopped and 
pure dry nitrogen gas was passed through the system. This served 
to remove all the SO., and to help cool the chamber with its remaining 
small amount of liquid sulphur by conducting heat energy to the 
water of the calorimeter. Temperature measurements of the exit 
gases showed that they were cooled, within 0.1° or 0.2°C., to the 
temperature of the calorimeter in their passage through the cooling 
coil. An error of 0.2°C. in this measurement makes a difference of 
only 1 in 50,000 in the final result. The temperature of the plati- 
num heating coil, as determined from its resistance just before the 
current was cut off, was in the neighborhood of 500°C., and the 
temperature of the flame or reaction region proper must have been 
higher than this. The purpose of the platinum tip J was to prevent 
the possible closing of the inlet tube by the sealing action of the flame. 
Except a slight discoloration, no evidence of any reaction of platinum 
with the sulphur was observed. 

The flow of gases through the system carried some sulphur vapor 
out into the cooling coil. Most of this condensed in the coil, but some 
sulphur dust tended to remain in the gas stream. To prevent possible 
loss of sulphur from the system, several inches of the exit tube was 
filled with ground pyrex glass. 

The few grams of sulphur which remained in the space C quickly 
solidified when the reaction was stopped, and most of the 
sulphur had changed back to the rhombic form within 30 minutes. 
A calculation described in section 2,-Part VI, of this paper indicates 
that only a very small part of the sulphur remained in the monoclinic 
form at the end of the experiment. 

The system at the end of the experiment was in the same condition 
as at the beginning, except that all but a few grams of the sulphur had 
disappeared. The heat energy resulting from the conversion of this 
sulphur into SO, had raised the temperature of the calorimeter 
several degrees. 

Quantitative tests showed that no SO; was formed when the reaction 
was carried out with an oxygen flow ranging from 0.05 to 0.15 liter 
per minute. In one test, SO; vapor was purposely introduced into the 
reaction chamber with the oxygen gas and must have been there 
reduced to SO, since no SO; could be detected in the exit gases. 
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Ill. THE CHEMICAL PROCEDURE 







De 

a 1. PREPARATION OF THE SULPHUR 

hur The first step in the preparation of the pure sulphur for this in- 
and vestigation was its precipitation from an aqueous solution of Na,S,O; 





| with HCl. Crystallized Na,S,0;.5H,O was dissolved in twice its 
weight of water and an equivalent amount of concentrated HCl 
| solution was added with constant stirring. When most of the sul- 
phur had settled, the supernatant liquid was poured off and the sulphur 
+ was filtered out by suction on a porous porcelain plate in a Biichner 
funnel. ‘The sulphur was then repeatedly washed with distilled water. 
After drying, this sulphur was transferred to one of three pyrex 
flasks sealed in series so as to constitute a double glass still. The 
last traces of water were removed by heating the sulphur in flask 1 
for some time below its melting point and removing the vapors with a 
vacuum pump. ‘The sulphur was then melted and distilled, in vacuo, 
into flask 2, and then from flask 2 to flask 3. In the line between the 
last flask and the pump was a tube containing P,O;. This sulphur 
was then broken up into small pieces, placed in another multiple 
still, and redistilled four times in vacuo. The final pure sulphur was 
stored in a desiccator containing P.O; and an atmosphere of pure 
nitrogen. 
The liquid obtained by leaching several samples of this sulphur with 
| warm water was tested ° for both sulphuric and polythionic acids with 
| negative results. 





































" 2. PURIFICATION OF THE OXYGEN AND THE NITROGEN 

es, The oxygen and nitrogen purification trains are shown in Figure 2. 
tes Numbers are placed on parts of the oxygen line and letters on the 
ic nitrogen line. 

The oxygen line consists of: (1) A cylinder containing oxygen; 
on (2) an electric furnace for heating to 800° to 900° C. a tube containing 
ad platinized quartz and palladinized asbestos, which catalyzed the 
iis oxidation of the hydrogen in the oxygen; (3) a tube containing 
er “dehydrite” (Mg (ClO,)..3HO) and P.O; for removing the moisture 

in the gas; (4) a mercury flow meter. 
mn The nitrogen line consists of: A, a cylinder containing nitrogen; 
er b, CO, @ bottle and a spiral each containing an aqueous solution of 
1¢ NH,OH and NH,Cl in contact with copper filings, for removing the 
re oxygen from the nitrogen;'° D, E, F, towers containing dilute to con- 





centrated H,SO, to remove NH;; G, a tube containing ‘‘ascarite” 
(a mixture of hydrated NaOH and asbestos) for removing any CO, 
present, and ‘‘dehydrite” for removing moisture; H, J, tubes con- 
















sy, W. Mellor, Modern Inorganic Chemistry, Longmans, Green & Co., p. 458; 1916, 
” W. L. Badger, J. Ind. Eng. Chem., 1% p. 161; 1920. 
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taining ‘‘dehydrite” and P,O;, respectively, for removing the las 
traces of moisture from the nitrogen; K, a mercury flow meter. 


3. THE ANALYTICAL METHODS 


The amount of sulphur which was converted to SO, in any givep 
experiment was determined by weighing the reaction chamber before 
and after the experiment. The procedure was as follows: The neces. 
sary amount of sulphur, 6 to 8 g, was placed in the chamber. Pur 
dry nitrogen gas was passed through the chamber for about half an 
hour. Then the chamber was stoppered and weighed. When the 
experiment was completed, the chamber was again filled with nitrogen 
in the same manner as before, and weighed. The exterior of the 
glass chamber was thoroughly cleaned with ether and dried before 
each weighing. The total weight of the chamber was about 130 ¢, 
and the weighings were made to 0.0001 g. The apparent weight of 
the sulphur which had been used up in the experiment was corrected 
to vacuum by multiplying by the factor 1.00044. 

As a check on the amount of sulphur burned as determined by 
direct weighing, the amount of SO, formed in the experiment was 
determined by absorbing it in ‘‘ascarite.”” The exit gases from the 
calorimeter were passed through a cylindrical glass tube, 4 em in 
diameter and 23 cm tall, containing the ‘‘ascarite,” together with a 
layer of ‘‘dehydrite” or P.O; at the exit end. In order to avoid 
plugging the absorber and consequent stoppage of the gas flow, the 
‘“‘ascarite’”’ was thoroughly mixed with an equal volume of pumice 
stone of the same mesh. The absorber was provided with ground- 
glass stoppers. A guard tube containing the same drying agent was 
attached to the exit end of the absorber during the experiment to 
prevent back diffusion of moisture from the air. 

Initial experiments were made with known amounts of SO, to deter- 
mine whether the “ascarite’’ would absorb it completely. This was 
found to be the case within the limits of error of the vacuum correction 
which must be applied to the apparent weight of the SO, absorbed. 
The absorber was always filled with pure dry nitrogen and closed at 
atmospheric pressure before each weighing. 

The determination of. the vacuum correction to be applied to the 
apparent weight of SO, required a knowledge of the change in volume 
of the “ascarite’” which accompanied the absorption of the SO;. 
For this purpose the assumption was made that the product formed in 
the absorber was NaHSO;, formed by the reaction of equimolal 
amounts of NaOH and SO,. Calculated on this basis, the increase in 
volume of the solid in the absorber per gram of SO, absorbed was the 
difference in the volume of 1 mole of NaHSO, and 1 mole of NaOH 
divided by the molecular weight of SO,. The weight of this volume 
of nitrogen at the pressure and temperature to which it was subject 
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Figure 3.—Calorimeter assembly 
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in the absorber less the weight of the air in the balance case displaced 
by 1 g of brass weights is approximately 0.0008 g per gram of SOQ). 
This correction must be added to the apparent welahe of each gram 
of SO. absorbed in order to obtain the true mass. This only approxi- 
mated the true state of affairs, however, because a portion of the 
“asearite’”’? in the absorber was changed to Na,SQO;, and because some 
of the water in the “‘ascarite’’ was transferred to subsequent layers 
of “ascarite’’ and to the drying agent at the exit end of the tube. 
All of these possible changes produce a volume change different from 
that calculated above. 

In the first calorimetric experiments three ground glass joints 
between the calorimeter and the absorber were lubricated with grease, 
and the SO, reacted with it to form a product which was caught in the 
absorber, resulting in too large a weight for the SO,. When this 
trouble was avoided by using deKhotinsky cement on the joints, and 
when the absorption of moisture from the room air by the drying 
agent in the exit end of the absorder was prevented by the use of a 
suitable guard tube, the number of moles of SO, absorbed was equal, 
within the limits of the correction to vacuum and the precision of the 
weighings of the absorber, to the number of moles of sulphur used up 
in the reaction as determined by the loss in weight of the sulphur in 
the reaction chamber. This is shown by the following results: 


asi, Mole of SOa 
Mole of SO; | Ratio Mole of S 





Mole of S 





1. 001; 
. 9994 
1. 001; 
1. 0004 


0. 12215 
. 14101 
. 13257 
. 14069 


| 














The SO, absorber, which had a weight of about 400 g, was weighed 
to 0.001 g, with a counterpoise of identical dimensions. 

In calculating the heat of formation of SO,, the number of moles of 
SO, formed was in all of the experiments taken as equal to the number 
of moles of sulphur which disappeared from the reaction chamber. 


IV. THE CALORIMETRIC APPARATUS AND ACCESSORY 
INSTRUMENTS 


1, THE CALORIMETER 


The calorimeter (Bureau of Standards inventory No. 13211) used 
in this work is very similar to the one described by Dickinson." 
The calorimeter assembly is shown in Figure 3, and a schematic 
cross section is shown in Figure 4. The important parts of the 
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calorimeter assembly are designated in Figure 4 with letters: A, 
water jacket, which was maintained at a constant temperature with 
the heater H controlled with a toluene-mercury thermostatic regulator 
and relay in the jacket heater circuit; B, jacket stirrer; C, calori- 
meter can filled with water; D, platinum resistance thermometer for 
determining the temperature of the calorimeter water; E, calorimeter 
stirrer; /, Beckmann thermometer, by means of which the jacket 
temperature was read to 0.001°C.; G, reaction chamber. An air space 
of about 1 cm thickness separated the calorimeter can and. the jacket, 
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Figure 4.—Schematic diagram of the calorimeter 


In Figure 3, the letter designations are: L, two-way stopcock; | 
gas inlet into calorimeter; N, gas exit from the calorimeter; 0, SO; 
absorber; P, platinum resistance thermometer. 

The heat transfer from the jacket to the calorimeter increased the 
temperature of the latter approximately 0.0021° per minute per 
degree difference in temperature. 

The energy given to the calorimeter by its stirrer running at 200 
r. p. m. was about 4.0 joules per minute. 

The temperature of the jacket did not change more than 0.002° C. 
in some runs, while in others it changed as much as 0.01° C. Read- 
ings of this temperature were taken every 5 or 10 minutes, so that the 
jacket temperature change was known to 0.001° C. Immediately on 
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conclusion of a run the platinum thermometer was placed in the 
jacket, and the Beckmann reading was obtained in terms of the 
platinum resistance thermometer. 


2. THE THERMOMETER 


The temperature of the calorimeter was determined with a calori- 
metric type platinum resistance thermometer (Bureau of Standards 
mark Pt 10). The resistance of the thermometer was read on a Leeds 
& Northrup, 8067, Mueller type Wheatstone bridge with a Leeds & 
Northrup type 2500R galvanometer whose scale was 1 m distant. 
One millimeter on the galvanometer scale corresponded to 0.0001 
ohm (about 0.001° C.). The bridge was balanced to the nearest 
0.0001 ohm and the next figure, corresponding to about 0.0001° C., 
was interpolated from the galvanometer deflections. The bridge 
was calibrated at the beginning of the investigation. 

The platinum resistance thermometer had previously been used 
in the heat division of the bureau, and its calibration data then were: 
R,= 25.6227 ohms; Rio — Ryo= 10.0136 ohms; 6=1.487. Ry was again 
measured at the beginning of this work and found to be 25.6230 ohms, 
which value was found unchanged at the end of the investigation. 

Eliminating pt from the Callendar formula, 


E t : a 
t=pt +3(s90-1) 90 


-s pot) 
BS Riw— Ro — 


and rearranging, one obtains: 


of Rio — Ro , 6 ) aie (Roo — Ro) 
Bet 100 (xvi)! : (1) 


Substituting the values of Ry, Rio—R), and 6, there results the 
equation giving the resistance R, in terms of t, the temperature in ° C.: 


R= 25.6230 + 0.101625t— 0.00001489¢ ? (2) 


Differentiating, one finds 


= = 0.101625 —0.00002978¢ 


d*R 
dt? 


For 25.00° C., “i, = 0.100880 ohm per degree, and the change in 


= — 0.00002978 (4) 


dk. 
d7 !8— 0.000030 ohm per degree per degree. In translating a 


resistance change of several tenths of an ohm into the corresponding 
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temperature rise in ° C., the resistance change is divided by the 
dR ' , 
proper value of - di for the given average temperature of the rise.” 
3. THE ELECTRICAL ENERGY SYSTEM 


The supply of electrical energy came from a battery of lead storag, 
cells of 30 volts, maintained in’ the electrical division of the bureau. 
The current was determined by measuring the potential drop across 
a standard 0.1 ohm resistance on a Leeds No. 3316 potentiometer, 
The voltage drop was taken from points on the current leads exactly 
midway between the calorimeter and the jacket. The leads were in 
good thermal contact with, but electrically insulated from, the jacket 
case. A Leeds & Northrup type 2500 galvanometer with scale 1 m, 
distant was used in conjunction with the potentiometer, whose 
smallest decade consisted of nine 0.00001 volt steps. 

The potentiometer was calibrated, and the resistance of the standard 
0.1 ohm measured by the electrical division of the bureau. An 
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Fiaure 5.—Diagram of the electrical energy system 








A, to potentiometer; B, to storage battery; C, substitute resistance; D, heating coil in reaction chamber. 


Eppley, No. 34701, standard cell, checked against the standards of the 
bureau, was used with the potentiometer. The stop watch (Bureau 
of Standards inventory No. 37091E), used to measure the time of the 
energy input, was calibrated for intervals‘of 60, 300, and 3,600 seconds 
by the weights and measures division of the bureau. 

A diagram of the electrical circuit is shown in Figure 5. Since a 
very small part of the current which was measured on the 0.1 ohmstand- 
ard resistance passed through the 10,300 ohms which are in parallel 


ig r ; 
with the heating coil, a factor of 1 — 10.300 728 applied to the measured 
9* 


electrical energy, r being the resistance of the heating coil. The 


, )0 . 
potentiometer measured 7p 300 Of the potential drop across the heating 


coil. Each of the coils in the two resistance boxes which determined 
this latter ratio were calibrated in the electrical division of the bureau. 








2 For a complete discussion of this method see H. C. Dickinson and E. F. Mueller, B. 8. Bulletin, 9% 
p. 483; 1913; B. S. Sci. Paper No. 200; 1913. 
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The actual potentiometer readings for both the current and voltage 
were about 0.25000 volt and were read and recorded to five significant 
foures. All the electrical instruments had been calibrated to 0.01 
per cent. 

It should be pointed out here that the above method of measuring 
i and not EXJ. With a 


the electrical energy really determines 


given current flow, readings of the potential drop across the 0.1 ohm 
standard resistance and across the heating coil give directly the ratio 
of the two resistances. For convenience in discussion and calculation, 


however, the current J will be used in place of p throughout this paper. 


When electrical energy was supplied to the reaction chamber at a 
rate of 20 joules per second, the temperature of the heating coil rose 
to the neighborhood of 400° C., because the vacuum jacket prevented 
the rapid transfer of energy from the coil to the water in the calorim- 
eter. Because of the rapid increase in the resistance of the platinum 
coil with the temperature, the current decreased and the voltage drop 
increased from the initial value until a steady state wasreached. The 
initial value of the current and voltage could be calculated from a 
knowledge of the initial resistance of the platinum wire, the total 
resistance in the line, and the voltage of the battery of cells which 
supplied the energy. ‘The steady state current and voltage were 
reached in about three minutes, with the greater part of the change 
occurring in the first minute. 

In every run two readings of the voltage and two of the current were 
made in the first minute, then a reading every half minute. These 
readings, along with the calculated initial current and voltage, when 
plotted, gave curves similar to that in Figure 6. The energy during 
the first period of the rapidly changing resistance was found by cal- 
culating, from the curves, the product of the average voltage and aver- 
age current for each 12-second interval for the first minute, and then 
for each 30-second interval until the last half minute of the 4-minute 
period, when two 15-second intervals were taken. In the SQ, ex- 
periments, the oxygen was turned on 3} minutes after the current was 
switched on, and the added increase in temperature and resistance of 
the coil due to the reaction energy was evidenced by a sudden small 
jump in the voltage and a drop in the current. This is shown in 
Figure 6. The electrical energy supply for the sulphur runs was cut off 
at the end of the fourth minute. 

The energy curves for the calibration runs were similar to those for 
the SO, experiments except that the current and voltage were prac- 
tically constant after the third minute until the electrical energy was 
cut off at the end of the heating time of 50 to 60 minutes. 
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V. MOLECULAR WEIGHTS, CONSTANTS, FACTORS, UNITs, 
ETC. 


The atomic weight of sulphur was taken as 32.065 and the molec. 
ular weight of SO, as 64.065. 

All weighings, both of sulphur and of water, were corrected to 
vacuum, with the factors 1.00044 and 1.00106, respectively. [py 
calculating these factors, the following densities, in g/cm’, were used: 
Brass weights, 8.4; dry nitrogen in the reaction chamber, 0.00117: 
water, 0.998; air in the balance case, 0.0012; rhombic sulphur, 2.07, 

The electrical energy was measured in international joules, since 
the instruments had been calibrated in terms of the internationg] 
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Fiaure 6.—Time variation of the current and voltage in 
a sulphur experiment 


ohm and the international volt. In converting the final value for 
the heat of formation of SO, from international to absolute joules, 
1 international joule was taken to equal 1.00034" absolute joules. 

For the purpose of comparing the heat capacities of the slightly 
different amounts of water which were used in the various experi- 
ments, and the slightly different mean temperatures of the experi- 








13 See the report of E. C. Crittenden, J. A. I. E. E., 48, No. § 
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ments, the heat capacity of water at 25° C. was taken as 4.178 joules 
per gram per degree and its temperature coefficient’ at 25° C. as 
_(,0005 joule per gram per degree per degree. 


VI. THE CALORIMETRIC PROCEDURE 
1. CALIBRATION EXPERIMENTS 


The calorimetric procedure consisted in determining the amount 
of electrical energy which would bring about a temperature rise 
in the calorimeter equivalent to that produced by the formation of 
a given amount of SO, in the same calorimeter and apparatus at the 
same average temperature under the same operating conditions. 

The constant-temperature-jacket method was followed in conduct- 
ing the experiments. The initial temperatures of the calorimeter 
and of the jacket were so adjusted that, at the end of a run, the 
temperature of the calorimeter would be equal to, or slightly below, 
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Fiaure 7.—Time-iemperature curve of the calorimeter in 
a sulphur experiment 


that of the jacket, and the average of the initial and final tempera- 
tures of the calorimeter would be 25° C. 

A typical time-temperature curve for the calorimeter during a 
sulphur‘run is given in Figure 7. The shape of the corresponding 
curve in the calibration runs was the same except that the time from 
g to ¢, in which temperature uniformity was attained, was 20 instead 
of 35 minutes as in the sulphur runs. Observations of the calo- 
rimeter temperature were made during the period from a to 6. At 
b, energy was supplied to the calorimeter and its temperature rose 
steadily, and almost linearly, to g, when the energy supply, either 
reaction or electrical, was cut off. Temperature uniformity was 
attained at c, and temperature readings were continued to d. 

The corrections applied to R,—R;, which will be designated as AR, 
the main temperature rise, were two: First, a correction which is 








“Int. Crit. Tables, 5, p. 78. 
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independent of the temperature difference between the calorimeter 
and the jacket, and is constant with time; and, secondly, a correction 
which is directly proportional to the temperature difference between 
the calorimeter and the jacket. The first correction includes the 
energy given to the calorimeter through stirring and probably 
arge part of the energy removed from it through evaporation; and 
the second correction consists, in a large measure, of the flow of energy 
from the jacket to the calorimeter. In the following discussion, 1 js 
the first correction in ‘‘ohms” per minute; k& is the proportionality 
factor, in ‘‘ohms”’ per minute per ‘‘ohm,”’ for the second correction: 
R is the calorimeter temperature and RF; the jacket temperature, both 
in ‘‘ohms,”’ at the time Z, in minutes. 
The following equations hold to a high degree of approximation: 


t+ (Byer He raz! = nates ~ Be 


ut+ (Brea — ste 7 Le Bes 


_ 


Ria,r) and Ryxe.g are the averages with respect to time, of the 
jacket temperatures over the periods a to b and c¢ to d, respectively. 
Z,—Z, and Z,— Z, were usually 20 and 25 minutes, respectively. 
These two equations were solved for wu and k for codh experiment. 
The total value of the first correction is: 


U=u(Z.— Zp) 
and that of the second correction is: 


K=K(area }, g, c, f, e) 


ied 


75 or 80 minutes. 
The corrected temperature rise in ‘‘ohms” is then given by tl 
following equation: 


Z.— Zy was usually 


AR corr. = (Re — Ry) — K-— U (9) 


The above mcthod will give the corrected temperature rise to : 
high degree of precision provided that both & and wu are constant over 
the period of a single experiment; that is, from Z, to Z,. The effect 
of evaporation was minimized by having the calorimeter temperature 
always below that of the jacket. If the stirring speed is constant, 
the stirring energy will be constant except for a very small decrease, 
due to the decrease in viscosity of the water with rise in temperature. 

Since, for the procedure adopted in these experiments, the co- 
efficient of k in equation (5) was small compared with that in equation 
(6), the above method of calculation amounts to determining k at the 
beginning and wu at the end of the experiment. Any small absolute 
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error in this method of determining the true temperature rise will not 
affect the final result of the investigation, since the same procedure 
was followed in both the calibration and sulphur combustion runs, 

For a calibration run, the electrical energy input for the first three or 
four minutes was calculated as explained in Part IV, section 3, and the 
electrical energy over the remainder of the run was found by taking 
the product of the average current and voltage. Since dry nitrogen 
vas at a rate of 70 to 100 ml per minute was passed through the 
chamber in order to increase the rate of transfer of energy from the 
heating coil in the reaction chamber to the water surrounding it, 
proper corrections when necessary were applied to R,— Raz, R.-R., 
and R,—R,, for the amount of energy given to or removed from the 
calorimeter by the nitrogen gas. All the appropriate corrections and 
calibration data were applied to the readings of the potentiometer, 
the Mueller bridge, the stop watch, the room thermometer, etc. 

The following equation was used to calculate the heat capacity of 
the calorimeter (can, reaction chamber, thermometer) plus the water: 


C _¢lec. energy + “N: energy” 0 
p(calor.+H 20) — BER” Some "a (1 ) 
At corr. 





The results of seven calibration experiments are given in Table 1. 
Experiments 1 to 7, inclusive, could not be calculated because of 
failure to secure a sufficient number of readings in the period of 
rapidly changing current and voltage or because of difficulties with the 
jacket heater and thermostatic control. The result of run 10 is 
obviously not in accord with the others and is omitted in taking the 
average. 

Tas Le 1.—Calibration experiments 





| | 
{un | | ) . dt | teorr, 
| 








} | 
Ohms/min./ 
Ohms ohm Ohms/min. | Ohms 3 °c 
0. 63733 0. 001994 0. 0000566 0. 05549 . 005 . 57675 0. 100885 5. 7168 
. 39264 . 002002 - 0000277 . 02172 é I . 358 . 100873 3. 6552 
- 40329 . 002034 . 0000346 . 03040 . 00277 . 37012 . 100882 3. 6688 
. 40000 . 001996 - 0000357 . 02719 . 00286 . 36995 . 100870 3. 6676 
. 30614 . 001986 . 0000648 . 01722 . 0042 . 234 . 100881 2. $222 
. 40627 . 001995 . 0000223 . 02996 . 78 . 37452 . 100883 3. 7125 
. 002017 . 0000205 . 02979 . 00164 . 3734 . 100877 3. 7018 


Ohms per 
° ol 























Average | Electrical | “Na Mass of Copteator. ae 
| temp. | energy energy” +H30) mean 
sg 


Run 





eh? Int. joules Joules | g Int. joules } Joules 

24. 80 87, 659 11| 3,592, li +1. 
25, 27 55, 112 | 3,531.6 5, | —6. 
24. 94 55, 824 ‘ 
25. 37 55, 596 
25. 02 43, 203 
24. 91 56, 966 
25. 14 56, 698 


a | 
orocnmoanm: woe 














1 Corrected to 3,600 g H20 and 25° O, 
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The arithmetical mean of the six experiments for the heat capacity 
of the calorimeter plus 3,600 g H,O at 25° C. is 15,366.2 joules per 
degree, with an average deviation from the mean of 0.029 per cent, 
a “probable error” of the mean of 0.010 per cent, and a maximum 
deviation from the mean of 0.047 per cent. A calculation of the heat 
capacity of the calorimeter from the masses and heat capacities of its 
parts, including the partly immersed platinum thermometer, assuming 
the heat capacity of water to be 4.178 joules per gram per degree at 
25° C., gave a result of 15,373 joules. 


2. SULPHUR DIOXIDE EXPERIMENTS 


The SO, experiments were made under exactly the same conditions 
as the calibration experiments, and the time-temperature curves were 
similar except that a longer time was required to reach temperature 
uniformity at the end of the run because of the presence of sulphur in 
the chamber. 

Two special runs, @ and 8, were made to determine approximately 
how much of the remaining sulphur failed to return to the rhombic 
form in the time Z, to Z,.._ In these two runs no sulphur was burned, 
but electrical energy supplied to the calorimeter at the usual rate fo1 
4 minutes in run @ and 10 minutes inrun 8. Since the heat content 
of monoclinic sulphur is greater than that of rhombic sulphur, the 
following equation should hold: 


electrical energy = Atcorr, Cy(cator.+1,0+8) + (11) 


where g is the energy which has been retained by that portion of 
sulphur which has not returned to the rhombic form. The results 
of the two runs are: 


g sulphur 
in chamber} 


| Joules 
15 

oe 

1 — 





This is about 1.5 joules per gram of suphur remaining in the chamber. 
Since the heat absorbed when 1 g of rhombic sulphur changes to the 
monoclinic form is about 9 joules, this calculation indicates that only 
a small part (one-sixth, if the data be treated as exact) of the sulphur 
remained in the monoclinic form in these experiments. Presumably 
this remaining small amount of monoclinic sulphur was changing 
very slowly, so that its effect on the value of Rz—R, is negligible. 

A sample data sheet giving the readings for an SO, experiment is 
given in Table 2. Appropriate corrections were applied to the 
readings as in the case of the calibration experiments. The heat 
capacity of the calorimeter plus 3,600 g H,O was taken as 15,367 
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joules per degree (15,366.2+0.8, because a small amount of ground 
pyrex glass, having a heat capacity of 0.8 joule per degree was later 
placed in the cooling coil of the reaction chamber) plus the heat 
capacity of the sulphur remaining in the chamber plus the heat 
capacity of one-half of the sulphur used up in the experiment. This 
last addition to the heat capacity of the system was necessary because 
the temperature of the experiment was taken as the average of the 
initial and final temperatures. 

The heat of formation of 1 mole of SO, at the average temperature 
of the experiment was calculated by the following formula: 


! 


‘ec Y 9? 
Al corr, C5 (cator.+H1,0+8) oo [elec. energy r O., N:, energy 
+ “Tr, energy ’’] 


7” 


in which m is the number of moles of sulphur converted to SO; 
“(Q,, No, energy” is the energy given to the calorimeter by the oxygen 
and nitrogen gases; ‘‘Tr. energy”’ is the energy involved in the trans- 
formation of rhombic to monoclinic sulphur, and was taken as —1.5 
joules per gram of sulphur remaining in the chamber. The ‘‘O., N2 
energy”’ correction was calculated by determining the average (with 
respect to time) temperature of the incoming gases and of the calo- 
rimeter water. The difference of these two temperatures multiplied 
by the heat capacity of all the incoming gases gives the value of the 
correction. If the mean-time temperature of the calorimeter was 
below that of the incoming gases, energy was given to the calorimeter 
by the gases. At any given time the SO, gas left the calorimeter at 
the temperature of the calorimeter water. 


TaBLE 2.—Sulphur dioxide experiment No. X 











Pt ther- 
| mometer 
| (calori- 
| meter) 


Beckmann | Room tem- 


om- | 
thermom- | perature 


Amperes $ Time 
| eter (jacket) 


O2 gage N2 gage 





Min. | Ohms Degrees | : H | mm 

(0. 305) 130) | 0 (a)__---.|25+3. 02620 
li } } 3. 02694 

3. 02988 

50 | 





3. 03998 
(3. 04070) 





Energy time (stop watch) 4 Wis. ae nee (on) 7.0 
( 


mun., 0.8 sec, 9.0 


3. 3595 
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TABLE 2.—Sulphur dioxide experiment No. X—Continued 


| Pt ther- 


Time mom 


me 


Oh 
Volt ratio: : 


300 


3. 36227 
3. 36266 
3. 36287 
3. 36304 
3. 36318 


Mass sulphur: 4.5112 g 
Mass water: 3,603.0 g 


Mass S0O2:9.0165 g 


3. 36332 
3. 36347 
3. 36360 
3. 36374 


3. 3694 


(calori- 


3. 36145 


| 
Beckmann 
thermom- 
eter (jacket) 


1eter 


ter) 


ms Degrees 


. 706 
. 707 | 
. 707 | 
. 708 
. 708 


. 709 
. 710 
. 708 
. 708 





. 708 


~ 








For the reaction 
Sr: (solid) O, (gas) 


the increase in heat capacity, 
mole. 


93 -4°) 
25 


SO, (gas) ( 





Room tem- 
perature 


Correction: 
rors) 


C.) 


Oa gage 


7 
| 
| 


13.0 mm~ 
0.13 L 
| per min 


10.0 mm~ 
0.10 L | 
per min. 


(13) 


Ac,, is —12 joules per degree per 


This very small correction was applied in calculating the 


values of Q.; from those experiments which were made at average 


temperatures slightly different from 


95° 


C. 


In obtaining this value 


of Ac,, the following rise capacities, in joules per mole per degree, 


were used: S, 23; Oz, 29 


; and SO,, 


40.6. 


TaBLe 3.—Sulphur dioxide experiments (first series) 





Ohms/min./ 
ohm 
0. 001960 
. 001971 
. 001980 
. 001936 
. 001939 
. 002022 
. 001981 | 


Ohms 

0. 38213 | 
. 39599 
. 38263 

. 24225 

. 30065 
27847 
27863 


0. 0000670 
. 0000071 
. 0000069 
. 0000142 
. 0000025 
. 0000035 
. 0000086 





Average | y4 
stem per- 
ature 


Cp Elec- 
| (calor.+ | trical 
| H20+S) | energy 

| 


ass of 


Run HO 


—— 
| Int. | | 
| oe" J 


Int. 


joules | Jo 


t 
> 


4, 690 
4, 739 | 
4, 546 | 
4, 990 | 
5, 100 


5, 341 
at | 4) 687 
| 
| 


cmunoe 


Ohms/min. 


| 
l T 


Ohms 
0.02288 | 0.00603 
. 02405 . 00064 
. 02194 . 00062 
.01051 | .00107 
. 01165 . 00018 
. 01226 . 00018 | 
. 01270 | . 00060 





On Nj] ge | Moles of 
energy’ 


lenergy”’ 


Ss 


Joules | 
—6 0. 16370 
—5 | .17441 
—6 . 16826 
—i0 (. 10265) 
—8 . 13331 
—10 . 12033 
—10 . 11950 


ules | 





1 This correction= (AC,) X (average temperature — 25,00°C.). 


| AR corr, 


Ohms/°C. fo 
0. 100878 3. 5016 
. 100892 3. 6802 
. 100892 3. 5689 
. 100880 2. 2866 
. 100881 2. 8665 
. 100880 2. 6371 
. 100864 2. 6305 


Ohms 
0. 35322 
. 37130 
. 36007 | 
. 23067 
. 28918 


Correc- 
tion to 
25.00° C1 from the 
vot | mean, 


| 
Jowles/ |Int.joules/| 
—) mole 
|-+ 296, 600 
296, 630 | 
5 | 296, 730 | 
0 (296, 000) aieaie 
0 297,050 | 
0 296, 950 
—6 296, 420 | 


; 





Mean. .|+206, 730 | 





AC, = —12 joules per mole per degree. 
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TaBLE 4.—Sulphur dioxide experiments (second series) 





aR 


K U AR corr. 77, 


| Ohms/min, 

Ohms | ohm Ohms/min. Ohms ohms ms Ohms/°C. | °C. 

0. 28106 | 0.002053 | 0. 0000128 | 0.01227 | 0.00096 . 2678% 0. 100865 | 2 

. 32202 | . 002023 | —. 0000019 | .01617 | —. 00014 . 305S - 100871 | 3. 0334 
. 30350 | . 001978 . 0000139 | . 01392 . 00104 - 288% . 100870 | 2. 8605 
. 31046 | . 001987 . 0000242 . 01465 . 00181 - 2 . 100868 2. 9146 
33854 . 002108 - 0000038 . 01802 T= 00029 . 320% . 100865 3. 1748 
0000182 | .01796 | . 00136 . 100865 | 3. 0307 
- 01707 - 00113 . 30440 . 100866 3. 0179 














| 


j { 
| . | Devia- 
A verage ner Cp Nlec- | « 14] «er : Correc- | : 
Run | temper- Mio °F | (calor.+ | trical OnNd “ war of! tion! to | Q,2°c. | trem the 
ature “ H20+s) | energy | 25.00° C. | igen 


| 
| 
| 
| 


Int. Int. | Joules/ | Int.joules/ 

g joules /° | joules | ‘ mole mole | Joules 
3, 606. 8 5, 399 4, 689 | | -6 0. 12215 +296, 540 | —280 
3, 595. 8 f 4, 737 22 . 14101 | q 296, 920 | +100 
3, 605. 5, 39% 4, 703 | 22 : - 13257 | g 296, 900 | +80 
3, 609. 5, 4, 586 | 5 2 , 13591 | 296, 960 | 
3, 595. 8 5, 38 4, 597 | 2] (. 14930) | (295, 93 
3, 587. $ 5, 323 4, 551 . 14115 296, 850 
3, 603. 5, 386 4, 705 ‘ ‘ . 14069 296, 730 | 








+296, 820 | 

















! See footnote to Table 3, p. 614. 


The results of the SO, experiments are given in Tables 3 and 4. 
Run F was lost. After run H was completed, some trouble developed 
in the oxygen line, but it was not until run Q was completed that 
the trouble was definitely located. The oxygen line was completely 
renovated, and then runs R to W were made. A time of one month 
elapsed between the two series of experiments. In calculating the 
average of the experiments, runs D and V were omitted as they are 
not in agreement with the others. 


VII. RESULTS 


The results of the two series of SO, experiments are: 





SeriesI | Series II 





0 ee 


| ' 
Arithmetical average | of the series_.._.- eT eee nt ee ee Se joules_.| 296, 730 | 296, 820 
Average deviation from the mean per cent_- . 061 . 040 
Maximum deviation from the mean___..........-..----- = . 108 . 094 
“Probable error’ of the mean . 022 .015 


1 The geometrical mean of the results is the same within 10 joules for the two series, while an average 
obtained by weighting the results according to the number of moles of SO; formed leaves the average of 
the second series unchanged in the fifth figure and lowers that of the first series by 10 joules. 


Because of the more proficient technic in the second series, as evi- 
denced by the smaller deviations, the averages of the two series 
have been weighted inversely as the squares of their average devia- 
tions and the final ‘best value” taken as +296,790 international 
joules, with an average deviation from the mean of 0.047 per cent. 
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The results of the calibration experiments (Table 1) showed ap 
average deviation of 0.029 per cent. Since the value used for tho 
heat capacity of the calorimeter plus 3,600 g H,O, enters into the 
calculation of Q, the heat of formation of SQ,, the “‘best value” fo, 
@ may be assigned a precision measure of 


/(0.029 per cent)?+ (0.047 per cent)?=0.055 per cent, 


or 165 joules. 

A conservative value for the possible error in the final result due to 

all known causes may be placed at +200 joules, or 0.067 per cent, 
The heat of formation of 1 mole of SO., from gaseous oxygen and 


rhombic sulphur at 25° C., is, then, +296,790+200 international 





alae, ' (A) : Thomsen 














296.4 296.6 296.8 297.9 497.2 2I7.4 
—~ Kilo Joules 











Figure 8.—A graphical comparison of the data 


joules; or, using the factor 1.00034, + 296,890 + 200 absolute joules. 
This latter value, divided by 4.185, gives +70,940+ 50 g-cal.,;. 

In Figure 8 (A), a comparison of these results with those of Thomsen 
and of Berthelot is shown graphically. The circles are drawn in each 
case with a radius equal to the average deviation as reported by the 
investigators. The average values of Thomsen and Berthelot are, 
respectively, + 297,300 and + 289,600 joules per mole.“ The solid 
squares represent the three measurements of Thomsen and the three 





15 In converting the results of Thomsen and of Berthelot from calories (about 18°C.) to absolute joules, 
the factor 4.182 was used. Then, since their reactions were carried out at 16° to 20°C., the 4C;, correction 
(Pt. VI, sec. 2) was applied. 
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of Berthelot. ‘The Thomsen circle almost completely incloses the E. 
and R. cirele, showing that within the limits of his average deviation, 
the results obtained by Thomsen are in accord with those of the 
present investigation. Figure 8 (B) shows an enlarged view of that 
portion of Figure 8 (A) which contains the results of Thomsen and of 
E. and R. The small solid circles are the result of this work—the 
appendage identifying the results of Series I. The two solid squares 
are the two lowest of Thomsen’s values. 

Figure 9 shows a plot of the deviations of the various experiments 
as a function of the number of moles of sulphur converted to SO, in 
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O 
Find 








O 


Deviation 


? 
Q 


12 4 AG 
Moles of sulphur 








FiaurE 9.—A plot of the deviations as a function of the number of moles of 
sulphur in a given experiment 


the given experiments. No trend of the deviation with the amount 
of sulphur is evidenced by this plot. The circles with appendages 
refer to the experiments of the first series. 


TaBLE §.—Analysis of the measured quantities in the calibration experiments 


_ FIZ (0 to 4th min.) +EIZ (trom 4th min. on) +‘ Ns energy” 
Cp(oalor.+H30) = ————— oO ne “i-U-K wa OE 





Percentage 
effect on 
Cp. (calor +H30) 


: : : Estimated average 
Quantity Magnitude | error 


| 
| 


| 


Electrical energy EIZ (0 to 4th min.)~------ | CC) A a es | Re ee ‘ 
Electrical energy: ] 
E voltage 5.9 volts +0. 0006 volts__-.---- 
I current tc. eee _..-| 2 . 00025 amp 
Z time 1 See Ole... .25.c0s.<...| 2. 2 Oe 
mXIXMK Z Ae win, on). ----<.<.-.--..-) 400ee) 5 j 








69882°—29 
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Table 5 gives an analysis of the estimated average errors in the 
measured quantities of the calibration experiments. The resultant 
percentage error is the square root of the sum of the squares of the 
individual percentage errors. The error in measuring the mass of 
water in the calorimeter was negligible. The final estimated average 
error is slightly larger than the average deviation of the actual 
experiments as reported in Table 1. A like analysis for the sulphur 
experiments would be similar except that the second or main E/Z 
term is omitted and the measurement of the mass of sulphur used up 
isincluded. The final estimated error of the sulphur runs was about 
equal to the average deviations of the experiments themselves as 
reported in Tables 3 and 4. 


VIII. SUMMARY 


The existing data on the heat of formation of SQ, are reviewed. 

The problem of combining sulphur and oxygen to form SO, with 
no SO; was solved by the use of a special calorimetric reaction 
chamber in which oxygen was introduced into an excess of hot sul- 
phur vapor. This reaction chamber and its method of operation are 
described in detail. 

A complete description of the methods used in the chemical and the 
calorimetric control of this reaction and the procedure employed in 
recording and calculating the data are given. 

The value obtained in this investigation for the heat of formation 
of one mole of gaseous SO, from solid rhombic sulphur and gaseous 
oxygen at 25°C. is +296,890+ 200 absolute joules, or + 70,940 + 50 
g-cal.,;. Thisiscompared with the results obtained by Berthelot and 
by Thomsen. 
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